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CHAPTER 1. INTRODUCTION

A. Mission Description

The High Energy Astronomy Observatory Mission C (HEAO-C) is the
third of four planned satellite missions in the National Aeronautics and Space
Administration's High Energy Astronomy Program. The overall objective
of this program is to obtain high quality, high resolution data on cosmic rays,
gamma rays, and X rays throughout the celestial sphere; data will include
information on the structure, spectra, polarization, and, where applicable,
source location.

The primary objective of the first two missions, HEAO-A and HEAO-B,
is to accomplish a scanning survey of the celestial sphere, with emphasis on
identifying and mapping source locations and investigating emitted energy to
the extent possible within the constraints of both time and experiment detector
capability., Thus, the first two satellites will operate primarily in a scanning
mode and only limited time will be available for the inertial or '"pointing"
mode, this percentage of time increasing for the second mission as compared
to the first. Both spacecraft will be capable of a pointing accuracy of +1
degree, or better.

The HEAO-C mission will follow the HEAO-B mission by 1 to 1 1/2
years and will be devoted entirely to the "pointing' mode, with a spacecraft
pointing capability of +1 arc minute, or better. Principal scientific instru-
ments on board will be the grazing-incidence X-ray telescopes, with multiple
experiments (detectors) positioned into and out of the focal point region. Thus,
HEAO-C will operate in a manner similar to a ground-based observatory in
that various experiments will time-share the telescopes. In addition, several
-stationary experiments will be rigidly mounted to the optical bench alongside
the telescopes to fill out the experiment complement and to provide background
measurements,

B. Study Objective and Approach

The objectives of the Phase A study were to determine mission feasi-
bility, to study several alternative experiment complements, to investigate
promising spacecraft alternative concepts, and to study a baseline experiment
and spacecraft concept to sufficient depth to establish hardware feasibility.



The principal design goai for the HEAO-C spacecraft was to maximize
commonality with the HEAO-A/B spacecraft in order to maintain cost
effectiveness throughout the HEAO prograni,

The Phase A study of HEAO-C was initiated soon after the start of the
Phase B definition contracts for the HEAO-A/B missions and spacecraft and
progressed concurrently with them. Technical transfusion between the
in-house Phase A study and the Phase B definition contracts influenced both
design approaches and achieved the desired cost-effective commonality. This
was reflected in design decisions incorporated in the Request for Proposal
issued by MSFC for the HEAO Phase C/D for Missions A and B.

Technical effort-on the Phase A study was concluded prior to receipt
of the Phase C/D proposals and, consequently, does not reflect the exact
manner in which the most recent version of the HEAO-A/B spacecraft will
evolve through modification to accomplish the HEAO-C mission. Continuing
study and design iteration will be required by the Phase C/D contractor, with
special emphasis given to the experiments in order to incorporate improved
definition of both requirements and hardware.

C. Conclusions

Results of the Phase A study indicate that modifications to the HEAO-
A/B spacecraft to accomplish the HEAO-C mission are entirely feasible; in
general, spacecraft components which must be different result from the more
stringent requirements for accuracy, higher reliability, and longer operational
life, and the different experiment mounting and accommodation requirements.

Study results are reported in three volumes, Volume I containing an
executive summary, Volume II containing the preliminary analyses and
conceptual design of the HEAO-C baseline mission and spacecraft, and
Volume III containing supporting technical data and experiment and spacecraft
alternatives.
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CHAPTER I1. BASELINE EXPERIMENTS FOR HEAQ-C
PHASE A STUDY

A. X-Ray Observations of Space

Although the first celestial X~ray source was discovered less than 10
years ago, X-ray astronomy has already proven itself as an important and
interesting field. It appears destined to become a major branch of astronomy,
and it may well be more fruitful than radio astronomy.

Many of the known X-ray sources have unexpected and interesting prop-
erties. All of those which can be detected by existing instruments are extremely
luminous. In the 10 keV range, for example, the known galactic X-ray sources
appear brighter than the sun in that range, in spite of the fact that their radi-
ation is diminished by an inverse-square distance factor of about 1014{11-1].

In other respects, the known sources are very different. Some vary in
intensity; of these, some show rapid, fairly regular pulsations (the X-ray
pulsars); whereas, others have an intensity variation which is rather like a
nova light curve. Some sources cover an extended area (supernova remnants,
for example); whereas, others seem to be associated with star-like objects.
Some are apparently members of our own galaxy; a few have been identified
with extragalactic objects. Some X-ray sources also emit in the radio wave-
lengths; others do not.

The distance of a discrete X-ray source can be determined only if the
source can be identified with an optical object whose distance is known. Rela-
tively few secure identifications exist, largely because of the low spatial reso-
lution of most X-ray detectors. Generally, the extrasolar discrete sources are
assumed to be located within our galaxy. The Sco X-1 source is estimated to be
100 to 400 pc distant,

A few X-ray sources are thought to be extragalactic, One source in
Virgo is thought to coincide with the very peculiar galaxy M87. Other sources
have been identified with Seyfert galaxies and with the quasi-stellar source
3C273. If these identifications are correct, these sources must emit large
amounts of X-ray energy.



The luminosities of galactic X-ray sources are also impressive. Sco
X-1, the strongest source visible from the earth, will serve as an example. If
its distance is assumed to be no greater than 100 pc, its X-ray luminosity in the

1to 10A range is a few times 1035 erg/sec, or about 100 times the bolometric
luminosity of the sun [II-2]. The X-ray emission from this object is about 1000
times greater than its visible radiation. Clearly, for this source, X-ray emis-
sion is a major mode of energy output. Sco X-1 cannot be understood if its
X-ray properties are not understood. Furthermore, it can be expected to
affect the radiation field in the space surrounding it.

Two highly variable X-ray sources (''flare'') have been discovered, pro-
viding further evidence of large-scale energy transfer in this wavelength range.
Their behavior may be consistent with the explosive ejection of stellar material
[I-3] . The flare pattern consists of a sudden sharp increase in brightness,
followed by a drop of several orders of magnitude over a period of about two
months. Other galactic sources also show evidence of variability and of dis~
tinctive spectral distributions, so they too are promising objects for study.

This category also includes the recently discovered X-ray pulsars.

The mechanism by which the X-ray emission is produced is still unknown.
Several different mechanisms may be responsible for the different types of
sources. At least four possibilities have been suggested. To distinguish
among them (or, perhaps, to prove that none is valid in a given case), it is
necessary to obtain spectra of the sources over as much as possible of the
X-ray region. This can be done only by satellite observations.

The nature of the diffuse X-ray background radiation also requires study.
It is thought [II-3] to be of extragalactic origin, but its source has not yet been
discovered. More observations should be made of its spectrum and possible
departures from isotropy.

X-ray emissions thus reveal the existence of vast amounts of energy
not previously detected. The luminosities and the large-scale variations in
emission of some of these objects are evidence of transfer of very large amounts
of energy. The X-ray sources are already recognized as significant elements
of the known universe. Moreover, there is no reason to doubt that many more
X-ray sources will be discovered.

In addition to searching for new sources, additional observations should
be made of the known sources. Observations with higher spatial resolution will

II-2



give more precise positions and source sizes, and thus will allow identification
of their optical counterparts. Variable sources should be observed over long
time spans with high temporal resolution to obtain X-ray ""light curves'' describ-
ing the form of variability, and detailed spectra of both the discrete sources and
the background are also needed.

B. Experiments

1. List of Baseline Experiments. The baseline experiments listed in
Table II-1 were initially chosen for the HEAO-C Phase A study. Subseguently,
we were asked to study the feasibility of alternate experiments on HEAO-C;
these are listed in Appendix A. The energy ranges in which the different experi-
ments are responsive are listed in Table II-2.

2. Diagrams of Interrelations of Experiment Components. The experi-
mental packages used with the present HEAO-C spacecraft study are shown in
Figure II-1 in block diagram form. The interrelation of the various experiment
components can be seen in this figure. In Figure II-2 the locations of the experi-
ment components on the spacecraft are shown. In some cases, where the com-

ponents are not well defined, only the envelope is depicted.

Three X-ray mirrors provide images in the focal regions which are
analyzed by both image-sensitive and energy-sensitive detectors. A variety of
experiments can be performed simultaneously on an X-ray source over a large
energy range. Other experiments are used for monitoring purposes and for
spectroscopy measurements at higher energies that are inaccessible to the
X-ray mirrors,

It will be noticed that there are numbers down the right side of
Figure II-1 under the heading '"Variations.'" This is an attempt to point up the
possible variations and combinations of experiments and experiment equipment
that are available. Not all of the combinations numbered will necessarily be
used, especially under normal conditions with no failures. However, the com-~
binations are available and some degree of redundancy is provided through
these possibilities.

The mathematics of the situation is partially revealed by the multi-
plicative factors being shown on the left side of the equal signs at the right side
of Figure II-1. The sum of variations is shown at the bottom of the column.



TABLE II-1. BASELINE EXPERIMENTS AND ABBRE VIATIONS

Experiment Hardware " Type of
Hardware Abbreviation Measurement
High Resolution Telescope HR X-ray
Curved Crystal CCS Crystal spectrometry
Spectrometer '
'HR Imaging Detector HRID Imaging, high resolution
position determination
Objective (Trans- oG Objective grating
mission) Grating spectrometry
(OG and HRID used)
Filter Wheel FWHR Broadband filter
spectrometry
(FWHR and HRID)
Large Area Telescope LA X-ray
Solid State Detector SSD Nondispersive spectrometry
LA Image Detector LAID Imaging, faint source
position determination
Filter Wheel FWLA Nondispersive spectrometry
(FWLA and LAID)
Low Energy Telescope LE X-ray
Position Sensitive PSD Imaging, position
Detector determination
Low Background Detector LBD Imaging, position
dotermination
Filter Wheel FWLE Nondispersive spectrometry
(FWLE and LBD)
Miscellaneous Experiments
Monitor Proportional MPC Background counter
Counter
Flat Crystal Spectrom- FCS Crystal spectrometry
eter (Iron Line)
Coarse Flare Detector CFD Flare detection, coarse
resolution (4 deg)
Fine Flare Detector FFD Flare detection, fine
resolution (30 min)
Aspect Detector AD Aspect determination
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The number of possibilities made available by any piece of equipment is depicted
by the number that appears at the upper left of the box representing that com-
ponent. For example, the secondary electron conduction (SEC) vidicon has

three fields of view, or scan modes, available; therefore, the number three
appears at the upper left side of that box. Each filter wheel is represented as
having four sections (one an open window, the other three occupied by filters);
therefore, the number four appears beside that box. (There may be as many as
eight sections in the filter wheel.) The objective grating and the aperture control
are considered to be either in or out; therefore, there are two possibilities for
each.

" 3. Experiment Parameters. In the course of our study, we have tabu-
lated a substantial amount of data; in Table II-3 is a listing of the power, weight,
size and field of view (FOV) of the various baseline experiments. In Table II-4
are listed the requirements the telescope packages place on the spacecraft.
Similar tables appear in Appendix A where they are expanded to include the
auxiliary experiments.

4, Description of Experiments and Scientific Objectives

a. Nature of Sources and Observations. The discussion of the
value of X-ray observations suggests that many of the discrete X-ray sources
have little in common except their X-ray emission. Because of this great di-
versity in source properties, it is important to have as much detailed infor-
mation as possible about each source. At present, there do not seem to be
any "typical'' X-ray sources.

The goal of X-ray astronomy, like that of optical astronomy,
is the determination of the physical properties of the sources (e.g., size, mass,
and temperature), as well as the mechanisms by which their radiation is pro-
duced and emitted to space. All these things must be determined from a few
observable quantities: spectra, luminosities, and positions. The various
spectrometers, filters, and gratings on the HEAO-C X-ray experiments permit
measurement at different resolutions and dispersions of the intensity of emitted
radiation at different wavelengths, i.e., of the spectra. Provision is also made
for determining the integrated intensity over a wide wavelength range — the
apparent luminosity. The aspect determination system can be used to determine
the celestial coordinates of the sources with sufficient precisioﬁ for probable
identification of their optical counterparts. When these identifications have
been made, the distances of the sources can usually be estimated, and when
the distances are known, the absolute X-ray luminosities can be found. From
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the distance énd the measured source size, the physical scale of an X-ray
source can be determined. The luminosity and spectral data provide infor-
mation on the temperature and energy generation processes.

Several X-ray sources have suddenly become visible where
nothing had been detected previously and have, then, gradually faded again into
obscurity. These ''flares' are particularly interesting, and a complete record
of the progress of a flare over the two months or so of its life would be of great
value. The flare detectors on HEAO-C are intended to detect the onsets of such
outbursts anywhere in the sky so that they can be studied with the higher reso-
lution instruments.

From a scientific viewpoint, then, it is desirable to obtain as
much spectral, photometric, and position information as possible for each
source. Many X-ray sources are variable. For these, the same data should
be obtained as a function of time, with the greatest possible time resolution.
Obviously, complete observations cannot be made for every source. One of
the problems in setting up an observing program is that of obtaining as much
information as possible in the time available.

There are now about 60 fairly well established X-ray sources
(II-4, II-5 and II-6] . Intensity values have not yet been published for some of
the most recently discovered sources, so the numerical values given here were
taken from Reference II-4 which includes 53 of the sources. During the next
few years, thousands of fainter sources will probably be discovered, especially
through the HEAO-A and -B missions. A crude prediction of the expected
eventual intensity distribution of X-ray objects is given in Table II-5. An arbi-
trary X-ray magnitude scale was devised to classify the sources according to
their photon fluxes measured in the 2 to 10 keV energy range. The number of
sources brighter than or equal to a given magnitude was assumed to be inversely
proportional to the X-ray flux corresponding to that magnitude. (This assumption
is plausible for galactic sources because they tend to occur near the galactic
plane, forming a two~dimensional distribution. That is why the intensity distri-
bution of known sources, listed in the fourth column of Table II-5, is consistent
with the projected distribution.) Of course, the actual distribution of faint X-ray
sources may prove to be different from this prediction. '

The total number of sources predicted to be known by 1977 is
4000, most of the objects being too faint to be detectable with present equipment.
The fainter objects will require longer integration times for each observation;
high dispersion spectroscopy will probably not be practical for these sources.
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TABLE II-5. X-RAY SOURCE INTENSITY DISTRIBUTION

e T 1% Known' | Estimated

X-Ray 9 No. =10 F at Known by
Magnitude (phetons/cm” -sec) (Cumulative) Present 1977
I 10 1 1 1
I1 3 3 2 2
11 1 10 10 10
v 0.3 30 ’ 34 34
\% 0.1- 100 53 100
VI 0.03 300 - 300
VII 0.01 1 000 - 1000
Vi 0.003 3 000 - 3000
X 0.001 10 000 - 4000

a. 2to 10 keV

Attempts will be made to obtain low resolution observations of
each object and to examine some of the most interesting objects in more detail.
Filter and objective grating observations, position data, and luminosity obser-

‘vations are typical low resolution investigations. The high resolution work will

include observations with the high resolution spectrometer (CCS) and obser-
vations over extended time periods, either to increase the integration times for
very faint sources or to study changes with time in a variable source.

Although the actual observing programs will be arranged by the
experimenters, sequences of procedures are given in Chapter III of this report
and detailed timelines are also presented.

- b. Description of Mirrors
(1) High Resolution Telescope. The HR telescope consists of

a set of five confocal, parabolic-hyperbolic, grazing-incidence mirrors
(Fig. II-3). All mirrors have a physical length of 44 inches and a focal
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length of 240 inches. The outermost mirror diameter is 36 inches. The mirrors
will probably be fabricated of a low expansion glass such as Cer-Vit with a thick-
ness of 0.5 inch. The resolution of the HR mirror will be in the arc second
range, the exact value depending on the wavelength under observation and the
off-axis distance of the sources.

(2) Large Area Telescope. The need for a telescope mirror
with a large collecting area at the sacrifice of high image resolution has resulted
in the design of a large area mirror (LA) shown in Figure II-3. The focusing
scheme is of the Baez type; X-rays are reflected at small angles off two nearly
flat paraboloidal mirror segments which are approximately perpendicular to
each other. The entire mirror system consists of 16 sets of identical Baez
modules with a front and rear section. Each section is composed of a set of
25 nearly parallel plates. The individual plates are deformed to the proper
parabolic figure by placing optical flats in a rigid holding fixture. The LA mir-
ror assembly has a length of 49.5 inches, a diameter of 36 inches, and a focal
length of 312 inches.

(3) Low Energy Telescope. Both the HR and LA mirrors are
designed to operate in the energy region of 0.2 to 4 keV, requiring long focal
lengths compatible with small grazing angles. To observe longer wavelength
X-rays (lower energies), a low energy, Wolter-type mirror (LE) is proposed
for the HEAO-C missions. This mirror consists of a single parabolic-hyperbolic
surface of Kanigen-coated beryllium. The maximum grazing angle of the first
element is 2 degrees and the focal length is 72 inches. The diameter of the
mirror is 20 inches.

c. High Resolution Telescope Experiments

(1) High Resolution Crystal Spectrometer. The high resolution
crystal spectrometer, shown in Figure II-4, is used in the focal plane of the high
resolution X-ray mirror. Itis a curved crystal Bragg spectrometer which will
probably use either Johann or spherical optics. Its wavelength resolution (A/A\)
will be as high as 6000 in certain energy regions. In operation, the diverging
hollow cone X-ray beam formed by the X-ray mirror strikes one of four Bragg
reflection crystals located at the center of the spectrometer. The diffracted
X-ray beam is analyzed in a plane between the crystal and the conventional focal
point on the Rowland circle. One of two instruments is used to determine the
position and intensity of the diffracted beam: a close-spaced imaging proportional
counter at higher energies and an array of spiraltron electron multipliers at
lower energies. The mechanical design of the spectrometer allows a large range
of diffraction angles.
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Figure II-4. X-ray telescope focal plane experiments.
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(2) High Resolution Telescope Image Detector. The HR image
detector, shown in Figure II-4,.is designed to have an image resolution com-
patible with that of the HR mirror, about 1 arc second. The image detector
consists of an image intensifier, a phosphor screen, and an SEC vidicon tube.

In operation, the HR X-ray image produces photoelectrons at the photocathode

of the image intensifier. These electrons are accelerated and multiplied through
the length of the channel tubes and produce an optical image on a phosphor screen.
By fiber optics and a relay lens, this image is transferred to and analyzed by a
sensitive SEC vidicon tube.

For redundancy and higher efficiency at different energies,
there are three interchangeable sets of image intensifier and optical transfer
systems. Each of the three sets has a different photocathode material. The
electronic readout system of the vidicon has three scanning modes with different
field sizes and time resolutions.,

(3) Objective Grating Spectrometer. A transmission grating is
used with the HR mirror and high resolution imaging experiment to form a slit-
less objective grating spectrometer. In operation, the grating is placed in the
path of the X-rays directly behind the HR mirror. The X-ray image in the focal
plane is then dispersed into a line spectrum on either side of the real (undis-
persed) image. The image detector is able to analyze the line spectrum to give
moderate resolution spectral information. This experiment is extremely effie
cient, since all accessible wavelengths and all sources within the field of view
can be analyzed simultaneously. The grating material is composed of a thin
parylene substrate onto which are deposited thin absorbing strips of gold. Two
gratings are proposed with line densities of 500 and 1000 lines per millimeter,
to obtain two different dispersions.

(4) Filter Wheel, A filter wheel is proposed for use with each
of the three X-ray mirrors. Each filter wheel is used with the appropriate
image detector, as shown in Figure II-1, to give crude spectral information in
different wavelength regions. There can be four to eight windows in the wheel
(depending on what is decided later). The filter wheel is placed close to the
focal plane of the telescope. One of the windows of the filter wheel is left
blank so that it is possible to observe without a filter. To bring a filter into the
X-ray beam, the wheel is simply rotated.

d. Large Area Telescope Experiments

(1) Large Area Image Detector. The image detector, shown in
Figure II-4, associated with the large area telescope uses a position-sensitive
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proportional counter to locate the X-ray pattern to within 1 millimeter near the
telescope axis. The counter has an array of resistive anode wires capable of
locating the position of the photoelectrons produced in the counter gas by the
incoming X-rays. The position resolution is compatible with the imagé reso-
lution; i. e., the position resolution decreases as the distance from the telescope
axis increases. Other features of the detector include a 1 micron thick parylene
window for maximum X-ray transmission and anticoincidence anodes to lower the
background counting rate.

(2) Solid State Detector. At energies greater than 0.5 keV,
the solid state spectrometer (Fig. II-4) will have the highest resolution of any
of the focal plane instruments. The active detecting component of the spec-
trometer is a lithium-drifted silicon crystal. A dead layer of approximately
0.1 micron of silicon acts as the X-ray entrance window for the detector. To
achieve a low background for the silicon detector, the central crystal is sur-
rounded. on three sides by a lithium-drifted germanium crystal used as an anti-
coincidence shield. Both sets of crystals are kept at cryogenic temperatures by
means of a conductive cold finger leading into a cryogenic reservoir. In oper-
ation, the entire assembly is moved into the focal position of the large area
X-ray mirror.

(3) Filter Wheel. As mentioned before, a filter wheel is
proposed for use behind the LA telescope. The large area image detector is to
be used as the detector for these spectrographic measurements. The purpose
of the filter wheel is to determine the spectral shape and structural features on
extended sources.

e. Low Energy Telescope

(1) Position Sensitive Image Detector. This detector consists
of a position sensitive proportional counter to analyze the low energy telescope
image. The field of view of the detector is 1 by 1 degree and has an angular
resolution of 2 arc minutes. The detector has an array of 30 resistive wire
anodes with a spacing of 1 millimeter. To give maximum transmission, the
counter w1nd0w is made of parylene which provides wavelength band passes from
20 to 30A and from 40 to 70 A .

(2) Low Background Detector. The LE low background detector

consists of a 2 arc second aperture which is mechanically scanned in front of one
of two low background counters. The counters are of the proportional type and
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have thin plastic windows. The positioning of the counter behind the scanning
aperture is not critical since the aperture itself defines the X-ray beam.

(3) Filter Wheel. As mentioned before, a filter wheel is pro-
posed for use behind the low energy telescope. It will be similar to the pre=-
viously mentioned filter wheels, although it may be a more intimate part of the
experiment.

f. Experiments Without Telescopes

(1) Flat Crystal Spectrometer. It is highly desirable to search
for the k lines of the iron ions by performing high resolution spectroscopy of
X rays at energies above the cutoff energy of the X-ray mirrors, 4 keV. For
this purpose, a flat crystal spectrometer is included in the experimental package
to be located near the X-ray mirrors. The FCS is shown in Figure II-5. The
aluminum honeycomb collimator has a 0.5 degree FWHM field of view to be
aligned within 3 minutes of the mirror axes. After passing through the colli-
mator, X rays are diffracted from a flat crystal at the proper analyzing angle,
which depends on the crystal used. The diffracted X rays then enter a sensitive
proportional counter detector. The module will employ either a lithium fluoride
(LiF) crystal or quartz crystal, depending on which characteristics of the X rays
are deemed the most important when the final selection is made.

(2) Monitor Proportional Counter. A proportional counter
(Fig. II-6) with a narrow field of view along the telescope axes is included in
the experimental package near the telescope mirrors. Its function is to monitor
any time variations of X-ray sources under observation by the focal plane instru-
ments. The counter has a 0.5 degree FWHM collimator in front and an effective
collecting area of about 600 cm2. To achieve sensitivity for both soft and hard
X rays, the counter is divided into two sections. The front section has a thin
organic window and a low gas pressure and the rear section has a beryllium
window and a higher gas pressure. The rear counter also includes an anticoin-
cidence section to reduce the background counting rate.

(3) Flare Detector. In the past three years, two unusually
intense X-ray sources have suddenly appeared in the sky and have subsequently
disappeared. The exact nature of these objects is unknown, mainly because
there have been no optical or radio counterparts to these objects. It is sus-
pected that they are due to large stellar flares within our galaxy. The HEAO-C
mission will include flare detectors to survey the full sky at all times to detect
the appearance of X-ray flare objects and to roughly determine their location so
that more detailed observations may be performed by the focal plane experiments.
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A coarse flare detector is shown in Figure II-7 and has a
sensitivity approximately equal to 1 percent of Sco X-1 for a 1 orbit observation
with a 4 degree resolution. The use of six coarse flare detectors would permit
coverage of the entire celestial sphere and would be distributed on the spacecraft
as shown in Figure II-2, A fine-pointing flare detector parallel to the mirror
axes is used to obtain a more accurate location of the flare object; it has a reso-
lution of approximately 30 minutes. In design, the fine flare detector is very
similar to the coarse flare detector. The dimensions of the fine flare detector
are different; the base is 10 by 10 inches, with an overall length of 4 feet, as
compared to the coarse flare detector's 8 by 8 by 5.5 inches. All flare detec-
tors utilize imaging proportional counters of the type previously described.

The entrance aperture of each detector is a "'pinhole'" with 1 cm ‘area.

It is informative to consider the sequence of events required
to discover and study a flare. Having the coarse flare detectors recording data
at all times will be desirable and striven for in the development of the HEAO-C
spacecraft. After the data are recorded, they will be transmitted to the ground

~when the spacecraft is over a receiving station, as described in Chapter IX in
more detail. Then the data will be analyzed to determine if there has been a
flare. Of course, several sources in the sky are intense enough to be detected
by the coarse flare detectors, so a computer program will have to screen out
the known source positions.

After the position of a flare is determined using the +4
degree resolution capability of the coarse flare detectors, a command will have
to be transmitted to the spacecraft to move it to point the fine flare detector's
8 degree field of view to the position. The fine flare detector will, then, take
data and, again, the data will be transmitted to the ground when the spacecraft
is over a tracking station. These data will then be analyzed to determine the
position of the flare to the +30 minute resolution capability of the fine flare
detector. This position is then telemetered to the spacecraft to point the main
telescopes to the source to get the high resolution data from the source. Two
of the telescopes have fields of view of 60 minutes. It will be noticed that the
resolutions and fields of view must overlap sufficiently to allow us to eventually
obtain the high resolution data from the flare.

g. Aspect and Computer Systems

(1) Aspect Determination System. Determinations of source
positions and interpretation of observations require precise knowledge of the
point in the sky at which the telescope is pointing. This information will be pro-
vided by the aspect determination system proposed by American Science and
Engineering,.

II-21



‘dAL NI 8

S

S3IHIM QIO 91 ~

4
.o?///////

*10}09)9p 9JB[J 9SIBOD

*L-T1 0an3tg

dAL'Ni8

‘N1 GG

5~ ‘NI Y

H3ILNNOD TVYNOILHOJOHd

3UNLYIAY WO L X ND L

o06

><E-Xq

ov = NOILNT0S3H
006 A8 g06 = MIIA 40 AT31d
(SANO0D3S 0001 Ni) L-X O3S 40 %L = ALIAILISN3S

II-22



Because the HR telescope imaging experiment requires the
highest pointing accuracy, the aspect system axis is related to the HR telescope
axis. The system will operate independently of the spacecraft aspect and atti-
tude control system. It must provide aspect information which is reducible by
ground processing to a precision of 1 arc second.

The imaging portion of the system will consist of an optical
imaging system and an SEC vidicon camera. Locations will be referred to the
centroids of the star images, since these can be located more precisely than
the image sizes. Under the assumptions used, a resolution element on the face
of the SEC tube corresponds to an angular resolution of approximately 10 arc
seconds. Perhaps it should be kept in mind that the vertical resolution does not
necessarily equal the horizontal resolution in such a system.

A fiducial light system is used to relate the line of sight
of the X-ray telescope to a specific point in the sky. These lights are small
sources placed in the focal plane of the X-ray telescope. Rays from the
fiducial lights then pass through the X-ray imaging system (this is possible
because the X-ray telescope uses grazing-incidence optics) and are reflected by
means of a corner cube reflector into the aspect system. The fiducial light
images then appear superimposed on the image of the star field on the vidicon
face. Three or more fiducial lights will give an unambiguous position of the
X-ray telescope field in the star field. The aspect system is illustrated in
Figure 3.5.1-1 of Reference II-7.

In practice, the fiducial lights should be attached to the
focal plane instruments themselves, so that they will correctly represent the
detector positions. The design of the aspect system is insensitive to small
alignment changes of the corner cube reflector, and the axes of the aspect
system and X-ray telescope need not be exactly parallel. The same aspect
system can be used to locate the centers of field of the LA and LE telescopes if
fiducial lights and light paths are added to those telescope designs.

(2) Data Handling in Computer Subsystem. This section is

included only to call attention to it and point out that it is discussed at length
in Chapter IX.
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C. General Experiment Information

1. South Atlantic Anomaly Effects. Natural sources of radiation
including trapped particulate radiation, cosmic rays, and earth albedo secon-
dary cosmic radiation will produce background counting rates in the various
detectors, which will uitimately determine their sensitivity. Because of the
nature of the background radiation and the possibility of introducing additional
secondary radiation, it is impractical and probably not advantageous to provide
radiation shielding capabilities aboard the HEAO-C spacecraft beyond those
internal to the detectors themselves.

Because of the sensitivity of the detectors, unshielded radioactive
materials should be avoided on the spacecraft. Structural materials should be
carefully screened for trace radioactive impurities of thorium and radium.
Potential sources of radioactive materials in structures and subsystems have
been identified for the HEAO-A mission {II-8]. The guidelines presented in
Reference II-8 should be applied to the HEAO-C mission.

Trapped radiation in the region of the South Atlantic Anomaly will
produce an intolerable background radiation level which will prevent useful
observations from being performed. These high radiation levels may damage
the detectors if they are allowed to operate during spacecraft traverses of this
region. A typical form of damage is fatigue of the photomultiplier tube or
electron imaging tube and depletion of the quenching gas in proportional coun-
ters. This damage may be prevented simply by removing the high voltage
from these devices at a predetermined saturation limit. This limit could be
sensed by the detectors themselves or by additional small detectors such as
Geiger tubes placed at various positions in the spacecraft. The electronic
circuits used to sense the saturation limit and turn off the high voltage are
relatively simple and reliable and have been successfully used on other radiation-

detecting satellitesl.

Figures II-8 and II-9 show the flux contours in particles/ cmz—sec
for trapped protons with energies greater than 5 MeV and for electrons with
energies greater than 0.5 MeV at an altitude of 500 km (270 n. mi.) [II-9]. The
crosshatched areas in these figures represent the region of the HEAO-C orbit
(inclination 28.5 deg). It can be seen that about one-half of the South Atlantic
Anomaly will be traversed by the spacecraft. A typical particle flux that would

1. Holt, S.S., Private communication.
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produce a saturation limit in many of the detectors is 103 particles/ cm?Z-sec.
The average time the spacecraft will spend within this region is estimated to be
10 percent. However, not all of this 10 percent will be lost viewing time as
some of it will coincide with target occultations, maneuvers, etc.

A representative time history of the background proton radiation
over a 45 hour period is shown in Figure I-102, Although the orbital altitude
and inclination are slightly different from those of the assumed HEAO-C orbit,
the general features of the time history remain the same. Earth rotation and
orbital precession produce 3 to 5 successive passages through the South Atlantic
Anomaly region, followed by approximately 15 hours without passing through the
Anomaly. The rise and fall times of the radiation are very brief, on the order
of 5 minutes. Similar time histories are obtained for the electron fluxes.

In conclusion, it seems that all X-ray experiments will need to be
shut off as soon as the anomaly is entered. The quenching gas is depleted more
rapidly if a large number of counts is obtained. The Orbital Astronomy Obser-
vatory (OAO) shuts off when it enters the anomaly and it is operating in the visi-
ble wavelengths. A number of principal investigators were polled and it was
found that most of them expect to shut off the high voltage circuits of their
experiments in the South Atlantic Anomaly.

2. Gas Purges and Quenching Gas Quantities Required. At various
times during the HEAO-C mission, the proportional counters must be purged
of their gases and refilled to the proper pressure. These gases include argon
and xenon and small amounts of quenching gases such as carbon dioxide and
methane. The frequency of these operations will be determined by proportional
counter lifetime and leakage rate information obtained from the HEAO-A
experiments.

The total weight of the gas resupply system is estimated to be in
excess of 11 pounds [II-7] for the HEAO-C spacecraft and is included in the
experiment weights. The gas quantities required for HEAO-C are shown in

2. Watts, J.W., Jr.: Charge Particle Dose Rate in Low Altitude, 30 Degree
Inclination Orbit. R-RP-INN-67-5, Marshall Space Flight Center.

3. Dr. Leon van Speybrock (April 30, 1971), Drs. Elihu Boldt and Steve Holdt

(April 30, 1971), Dr. James Underwood (April 30, 1971), and Mr. James
Milligan (April 6, 1971).
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Table II-6. The gas quantities required are much less than in HEAO-A and -B
because the detector faces are so much smaller and, therefore, leak less gas.
It is assumed that the counter gases will be vented to outer space in a manner
which will not introduce serious disturbance torques to the spacecraft, i.e.,
slowly and through a nonpropulsive vent.

TABLE II-6. PURGING AND QUENCHING GAS QUANTITIES REQUIRED

Amount
' . Of Resupply
Experiment Counter Gas Gas Needed
Large Area Image Detector Propane 11b
Monitor Proportional Counter
Counter A Propane 10
Counter B 90% argon, 10% CO2 0
Coarse Flare Detector 90% argon, 10% CO2 0
Fine Flare Detector 0
Low Energy Telescope 1 liter

3. Calibration of Experiments. The experiments will have to be cali~
brated for the subsequent data to be effectively interpreted. There are two
possibilities for calibration: (1) external calibration and (2) internal cali-
bration. External calibration will simply consist of choosing a known stable
stellar source and performing the standard observations and data recording on
it. Since the magnitude and other parameters of the source are already known,
a zero point, or baseline, has been established for the later observations.

The second alternative of internal calibration will also probably be
pursued. This will simply amount to choosing a known radioactive source of a
certain flux and including it in the spacecraft behind an appropriate shield. At
appropriate times, the source.would be swung out into the field of view of the
experiment and measurements will be taken to determine the efficiency of the
detector at that moment, again establishing a zero point or baseline for subse-
quent observing.
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It might also be possible to place the internal sources where they are
visible to the experiments in their resting positions outside of the focal plane
positions. This would allow the detectors to b2 checked while they are not in
position to take data and would result in a more efficient operation.

After the initial spacecraft and experiment checkout period, the
~calibrations will probably be executed periodically. It is possible that the
initial calibration will be in real time, but the later calibrations will probably
be in a recorded mode. In the present timeline, simultaneous external and
internal calibrations have been scheduled on a monthly basis. This is scheduled
in the timelining in Chapter III.

However, it has been suggested that the internal calibrations will
be performed more frequently since they are less trouble and that they might be
performed as often as once per orbit, with an external calibration performed as
often as once per week. This area will have to be investigated further but of
course will never be known until the actual orbital conditions are experienced
and operation of the detectors and experiments demonstrates how quickly they
change and, therefore, need to be checked and calibrated.

An additional point that may be mentioned is the possibility of moving
the experiments about in the focal plane after an external calibration suggests
what movement is desirable. However, the calibration data would have to be
analyzed on the ground and, then, commands would have to be sent to initiate
the move and, possibly, another calibration would have to be done to see if the
proper correction was made. The second calibration data would again have to
be analyzed on the ground and, in view of the amount of time this procedure
would take, it would seem desirable to avoid it in most cases.

The calibration procedure will presumably consist of observing the
calibration source for a given time, T , and then checking the detector output
c

against the desired values. It is not yet clear whether all experiments can be
calibrated simultaneously or whether other experiments can operate while one
is being calibrated. There are, then, three possible calibration sequences;
they are listed in Table II-7 for the three major telescopes only.
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TABLE II-7. CALIBRATION SEQUENCES
Time HR Telescope LA Telescope | LE Telescope
Simultaneous 0—T Calibrate each detector as prescribed
Calibration ¢ by calibration routine
0—T Calibrate as Free for desired project
¢ prescribed
Calibration
Combined T —>2Tc Free for Calibrate as Free for
with ¢ desired project | prescribed desired project
Observation
2T —3T Free for desired project Calibrate as
¢ ¢ prescribed
0—T Calibrate as Off Off
c .
prescribed
Sequential T —2T Off Calibrate as Off
Calibration ¢ ¢ prescribed
2TC —-3T Off Off Calibrate as
c

prescribed

4. Launch Environment Tolerated by Experiments.

This area needs

more study because it is a difficult one in which to obtain good information.
There is concern about subjecting the experiments to high launch loads. Since
experiment design is fairly coarse at this point and a detailed dynamic analysis
of the total flight vehicle has not been performed, the loads at the experiments
have not been determined. To ensure adequate protection, shock-mounting of
the optical bench was provided.

When asked about this problem, all of the principal investigators
believed they would be able to build experiments to withstand the launch environ-

ment.

In expressing his outlook on the problem, Dr. James Underwood (April

30, 1971) said he could accept the ATM launch constraints. Dr. Leon van Spey-
brock (February 1971) said he expected the experiments to withstand a 6 g
acceleration and pointed out that the Baez telescope was the experiment most
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susceptible to vibration. The experiment environment is discussed further in
section 4 of Reference II-10.

5. Spacecraft Degraded Mode Operation. An effort was made to
evaluate the reliability of the spacecraft and experiments to determine the
redundancy and failure mode provisions required in the spacecraft subsystems.
The experiments are only in the preliminary stages of development and, there-
fore, it is difficult to assess their situation as far as reliability and failure
modes. As part of this assessment, we attempted to assign a relative value to
the experiments so that the greatest amount of subsystem redundancy could be
placed in areas of greatest experiment value. Tables II-8 and II-9 show this
assessment in terms of the expected operating times of the experiments.

Table II-10 shows our crude estimate of the percentage of science
lost if a particular experiment is lost. Our subsystems are traded off on the
basis of these estimates and the one graphed in Figure II-11. Figure II-11
crudely depicts the idea that since the HEAO-C spacecraft covers the sky every
six months, each successive pass yields less important data. This is assuming
that no flares occur and that the principal investigators would concentrate on
collecting the most important data first. It is realized that many points could
be made in this area and it would be appreciated if the reader would provide a
more tenable graph,

D. Relationship of HEAO-A and -B to HEAO-C

In contrast to the experiments on the HEAO-A and.-B satellites which
study hard and soft X rays and gamma rays, the experiments proposed for
HEAOO—C concentrate on the soft to medium hard X-ray wavelength range, 1 to
100 A or, roughly, 0.10 to 10 keV. Other comparative facts about the three
payloads are shown in Table II-11. In the pointing area, the Announcement of
Flight Opportunities for HEAO-A and -B offered a +1 degree spin axis -control but,
since then, it has been decided to use CMGs for all of the HEAO missions, and
the ones to be used are capable of giving the A and B spacecrafts +3 arc minutes

control accuracy. (This is the reason for the +3 arc minutes shown in Table
I1-11.)

The X-ray experiments on HEAO-A and -B are intended to be used in a
scanning mode mainly for detecting new sources and determining their locations
with -moderate precision. The HEAO-C, on the other hand, is designed for a
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TABLE II-10. SCIENTIFIC WORTH LOST DUE TO MALFUNCTION

Reduction of Reduction of
Science Data Rate
Loss of (%) (%)
HR Telescope 60 50
Imaging 50 40
Spectrometer 10 10
LA Telescope 25
Position 10
Spectrometer 15
LE Telescope 15
Position 10
Spectrometer 5
Effect of 50% Loss of Experiment Power
Case 1: Half Data Rate, Twice as Long,
90% of Science Accomplished 50
Case 2: Full Data Rate, Half Time,
60% of Science 0

TABLE II-11. COMPARISON OF HEAO-A AND -B TO HEAO-C

A and B

C

Experiment Weight
Pointing Required
Smallest Field of View
Objectives

Mode

Sources Known
at Launch

12 500 1b
+1 deg (+3 arc min)
1 deg X 1 deg
Locating Sources

Scanning

100

6875 1b
+1 arc min
2.1x%X 2.1 arc min
Studying Sources

Pointing

3000 to 4000
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pointing mode to make detailed observations of the X-ray sources found by the
two earlier satellites. The sources known at launch are estimates, the number
in the A and B column estimated by Stephen Larson and the number in the C
column estimated by Dr. Riccardo Gjacconi.

E. Recommendation for Phase B Study

More study effort should be placed on long-lead-time items such as the
telescope mirrors. A more detailed analysis should be made of the data to be
generated by the experiments, the required modes and sequences of operation
of experiments, and the resulting requirements for the experiment computer.
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CHAPTER T11. MISSION ANALYSIS

This chapter presents an analysis of mission requirements of the
HEAO-C, third in a sequence of High Energy Astronomy Observatory missions.

The approach to the study was, first, to select the preferred orbit. The
orbit selection was based primarily on the requirement for a two year circular
orbit lifetime consistent with the payload capabilities of the Titan IIID/OAS!
launch system. After orbit selection, consideration was given to the perform-
ance capability of the launch vehicle to the desired 270 nautical mile orbit. Both
the nominal orbital insertion conditions and the off-nominal (considering guidance
dispersions) orbital injection conditions were taken into account. Next, investi-
gations were undertaken of the range of occultation parameters to determine the
maximum and minimum occultation time per orbit and to establish the target
source viewing and accessibility and the HEAO-C viewing and target acquisition
capability.

To insure the compatibility of the HEAO-C with the ground network,
three prime tracking network configurations in the Manned Space Flight Network
were selected for comparison analysis, based on evaluation of the ground
contact statistics and data processing capabilities. To integrate the various
mission analysis activities and spacecraft systems into a totally integrated
mission, timelines were prepared which identify the mission and operation
activities that are representative of those that would be performed during the
two year HEAO-C mission.

A. Orbit Selection and Lifetime Analysis

The various lifetime and orbit selection parameters considered in the
HEAO-C orbit selection analysis included spacecraft mass, spacecraft orien-
tation, orbital altitude, launch date, and experiment interference induced by
Van Allen radiation. The effects on orbital lifetime of spacecraft mass and
orientation are reflected in the computation of the spacecraft ballistic coeffi-
cients. Launch date was a parameter because of the variation of atmospheric
density with time induced by variations in solar activity. Experiment inter-
ference by trapped radiation was investigated because the use of the Titan IIID
launch vehicle gave the capability of spacecraft insertion into high initial
altitude orbits.

1. OAS — Orbit Adjust Stage.



An "average'' spacecraft orientation approach was utilized for computing
drag, wherein the spacecraft was assumed to be deployed through various ran-
dom orientations throughout its two year lifetime. In Figures III-1 and III-2.the
pointing mode sun-star-orbital plane geometries are shown for minimum and
maximunr average drag, respectively. In this mode the spacecraft orientation
remains fixed inertially with the longitudinal axis of the spacecraft aimed at the

" particular star of interest. Minimum average drag in this mode would occur
when the star lies in the orbital plane and maximum average drag would occur
when the earth-star line is perpendicular to the orbital plane. Average drag as
used here implies an average over one orbital revolution,

The HEAO-C configuration with the OAS attached is shown in Figure III-3.
The angle-of-attack employed in the orbital drag calculations is shown defined
in the X-Z plane. In Figure III4 the orbital drag coefficient for the HEAO-C
configuration with and without the OAS attached is presented versus angle-of-
attack. For the OAS attached case, the drag coefficient is shown for angles-of-
attack from 0 to 360 degrees because of body asymmetry. As demonstrated by
this figure, leaving the OAS attached increases the spacecraft maximum drag
coefficient from 12.1 to 15.5.

The lifetime data for the HEAO-C configuration were computed assuming
spacecraft deployment through various orientations, Therefore, maximum
and minimum drag coefficients were used to define the upper and lower
limits on orbital lifetime. The variation in orbital lifetime with vehicle mass
for the HEAO-C configuration with and without the OAS attached is shown in
Figures III-5 and II-6, respectively. The data shown are for a launch date of
March 21, 1977, and initial circular orbital altitudes of 250 and 270 nautical
miles. The maximum and minimum drag values for a given initial injection
altitude define a band in which lifetimes for all spacecraft pointing orientations
would be confined. Similar lifetime data for other launch dates, injection
altitudes, and parameters can be found in Appendix B. From inspection of
these figures it can be seen that for a 14 353 pound spacecraft with the OAS
removed, a 265 nautical mile initial orbital altitude should be adequate to guar-
antee a two year lifetime even for a worst-drag orientation and a +20 solar
density, Leaving the OAS attached (15 585 pounds) requires approximately an
additional 10 nautical miles or 275 nautical mile initial orbital altitude for a
guaranteed two year lifetime for worst case conditions.

Prior to circular orbit injection, the OAS and spacecraft ascend after

launch vehicle separation via elliptical orbit. A 140 by 250 nautical mile ascent
ellipse was considered nominal (see Section 2). The lifetime of the spacecraft

II1-2
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ALTITUDE (n.mi.)

in this orbit must be sufficient to allow for the required phasing requisite to the
burning of the OAS prior to injection into the target orbit. Orbit decay traces
for the HEAO-C/OAS in maximum and minimum drag orientations for this
nominal ascent orbit for the March 21, 1977, launch date are presented in
Figure I11-7. If the OAS could not propel the spacecraft out of this orbit, its’
lifetime would be approximately 58 to 74 days.

The maximum off-nominal ascent orbit predicted for a Titan IIID due to
injection dispersion caused by guidance system error was a 103.6 by 316.6
nautical mile ellipse. A decay trace for the HEAO-C/OAS trapped in approxi=
mately a 100 by 300 nautical mile orbit is shown in Figure III-8. The lifetime
in this orbit ranges between 22 and 26 days, allowing adequate time for orbit
determination and adjustment.

e LAUNCH DATE: 3/21/77 e ORBITAL INCLINATION: 28.5 deg
e ATMOSPHERE MODEL: MSFC MODIFIED ¢® CODE: = APOGEE
1967 JACCHIA + 26 DENSITY = = == == o= o PERIGEE
250 | 1 LB | | I |

150 -
100 —
MAXIMUM DRAG —/
50 |- -
MINIMUM DRAG ———/
0 ] 1 | o | I 1
0 10 20 30 40 50 60 70 80

TIME (days)

Figure III-7. Variation in altitude with time for a
140 by 250 nautical mile altitude initial orbit.
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LAUNCH DATE: 3/21/77

ATMOSPHERE MODEL: MSFC MODIFIED 1967 JACCHIA
+ 20 DENSITY

o ORBITAL INCLINATION: 28.5 deg

300 T | 1 T T

CODE: APOGEE
= == = — = = PERIGEE

ALTITUDE (n. mi.)

50 — MAXIMUM DRAG —

MINIMUM DRAG S

0 i | 1

i |
0 5 10 15 20 25

TIME (days)

Figure III-8. Variation in altitude with time for a 100 by 300
nautical mile altitude initial orbit.
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The Titan IIID launch vehicle and OAS combination being considered for
HEAO-C offers adequate payload capability for placement of spacecraft currently
under study in high altitude orbits which guarantee two year lifetimes. The
disadvantage of the high altitude orbits is the percentage of experiment inter-
ference time or the collection of erroneous data when the radiation flux exceeds
certain limits. Figure III-9 shows the variation in percent experiment shutdown
time with altitude for circular orbits. Variations for 35 degree and 50 degree
inclination orbits are given, in addition to the 28.5 degree inclination values
for comparison. The radiation flux limit for experiment interference was taken
as 1000 particles/cm?-sec and particle energy greater than 0.5 MeV (protons).
As shown, for an inclination of 28.5 degrees, the percent experiment inter-
ference time varies from 5 percent at 200 nautical miles to 11 percent at 300
nautical miles. The percent shutdown time for a given altitude increases non-
linearly with inclination due to the radiation concentrated at low altitudes at the
South Atlantic Anomaly.

e FLUX GREATER THAN 1000 PARTICLES/ cm? - sec
e PARTICLE ENERGY GREATER THAN 0.5 MeV

21 1
w
=
-
3]
> 17 —
w
[+ 4
w
[T
[+ o
w
[
Z
E 13 -
W
=
[+
[17]
Q.
>
w
5
w 9
Q
[+«
w
a

5

200 220 240 260 280 300
ALTITUDE (n. mi.)

Figure III-9. Variation in percent experiment shutdown
with altitude for circular orbits.
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B. Titan !11D/0OAS Performance

After selection of the required orbital altitude, it was necessary to de-
termine the performance of the launch vehicle to the 270 nautical mile orbit and
to establish the maximum allowable weight of the HEAO spacecraft.

This section contains parametric performance and trajectory data which
have been generated for the HEAO-C mission using the Titan IIID with the Lock-
heed OAS to achieve the final orbit,

The Titan IID launch vehicle inserts the OAS and the HEAO-C space-
craft into an elliptical orbit. The OAS provides the velocity increments neces~-
sary for orbit correction of the Titan IIID injected dispersions and to insert the
spacecraft into the 270 nautical mile circular orbit. The impact of the Titan
IID injecting into an off-nominal orbit has been considered. This information
and its impact are discussed in part 3 of this section.

1. Assumptions. It was assumed that the Titan IIID/OAS launch vehicle
for HEAO-C missions would be launched from the Eastern Test Range (ETR)
with an azimuth of 90 degrees ( measured from north to south over east).

The vehicle used in this study was the standard Titan IID used by the
Air Force and built by the Martin Company. It was assumed to be flown with
an open-loop guidance from lift-off until burnout where injection of the OAS and
spacecraft into a parking orbit occurs.

Table III-1 gives the weights TABLE TI-1. OAS WEIGHT SUM-
for the stripped-down OAS stage used MARY FOR STRIPPED-DOWN STAGE
in this study (see Appendix B).2 The WEIGHT (1b)

Titan IIID/OAS aerodynamic, propul-

sion, and weight data for this study OAS (stripped) 1223

were obtained from References III-1 OAS Propellant & Pressurant | 1240

through HI-5. OAS Gross Weight 2463
Spacecraft Adapter 212

The 2573 pound? Lockheed pay- | Booster Adapter . 221
load shroud design characteristics are

such that it must be jettisoned when the vehicle has a lateral acceleration be-
tween 1.1 and 1.2 g. The vehicle reaches a lateral acceleration of 1.1 and 1.2
g at about 280 and 290 seconds, respectively. For this study the shroud was
jettisoned at 283.68 seconds which was within the designed jettison g limits.

2. Subsequent data (May 1971) lists stripped-down OAS weight as 1499.2 lbs
and the P-123 shroud as 2910.8 lbs.
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2. Trajectory Profile. The three-stage Titan IIID flies solid rocket
motors (SRMs), Core I, and Core I direct ascent to the desired parking orbit.
The OAS (Stage IV) is then used to correct the orbit injection errors and to cir-
cularize the payload into a 270 nautical mile orbit.

Titan IID /OAS HEAO-C nominal and off-nominal flight profiles are shown
in Figures II-10, and II-11. A 140 by 250 nautical mile orbit was selected as the
nominal parking orbit for the OAS and the spacecraft. This orbit was selected
since preliminary data indicated that the Titan IID orbital injection dispersions
and payload capabilities about this orbit would be acceptable for each of the HEAO
missions. The possibility of occurrence of off-nominal orbits exists because the
Titan IIID flies with an open-loop guidance. For the nominal trajectory, the
Titan ITID was flown open-loop with no dispersions being considered. The orbit
impact caused by open-loop 30 dispersions is discussed later.

For both nominal (140 by 250 nautical mile) and off-nominal (103.6 by
316.6 nautical mile) orbits, two burns were required by the OAS to adjust the
spacecraft into the final 270 nautical mile orbit, if there is no requirement for
the OAS to burn over a tracking station. The first burn was made at the 250 nau-
tical mile apogee to raise the perigee to 270 nautical miles. The second burn was
made at the new apogee to circularize into a 270 nautical mile orbit. Since there
is a requirement to perform the OAS burns over a tracking station, three OAS
burns are required instead of two. This is necessary because the spacecraft is
not over a station long enough to complete the 13.7 minute burn requirement for
the initial orbit correction. This will have no impact on the payload to the final
orbit. For details on trajectory timeline of events, see discussion of mission
timelines.

3. Dispersion Analysis. For the HEAO mission, the Titan IIID is to be
flown to parking orbit with an open-loop guidance; such an open-loop guidance
system might possibly cause the Titan ITID to inject the OAS and the HEAO space-
craft into an orbit other than the nominal 140 by 250 nautical mile parking orbit.

To determine the impact this would have on the performance of the Titan
IIID /OAS vehicle, a dispersion analysis was made for the Titan ITID by the Martin
Company [6] . Table III-2 summarizes the dispersions about a 140 by 250 nautical
mile orbit for the Titan IIID flown with an open-loop guidance and for 3¢ deviations.

Table III-2 shows a mean altitude of 133. 2 nautical miles and a 29.6 nau-
tical mile perigee altitude for a 1 percent command rate with a velocimeter in
Stage II. This configuration is consistent with the launch vehicle selected for the
HEAO-A mission which requires individual selection of guidance components,
since the off-the-shelf vehicle has only a 2 percent guidance accuracy. The lower
limit for perigee injection with 3¢ deviations is 103.6 nautical miles (133.2 -
29.6 nautical miles).
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TABLE II-2. SUMMARY OF OPEN-LOOP ACCURACY"

Oblate Spheroid

Perigee '

Apogee

(Deviation > 100)

(Deviation < 100)

Mean 3o Prob. Mean 30 Prob.
Configuration (n.mi.) (nml) (%) , (n.mi.) | (n.mi.) (%)
Stage II Velocimeter
2% Command Rate 128.9 +43.1 94.8 259.9 £90.2 88.0
1% Command Rate 133.2 +29.6 99.4 256.9 59.7 97.0

a. Reference III-6.
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For the apogee altitude shown in Table III-2 the mean altitude is 256.9
nautical miles and a £59.7 nautical mile altitude with 3 o deviations. Since the
orbit deviation of 29.6 nautical miles was subtracted from the perigee mean of
133.2 nautical miles, the 59.7 nautical mile orbit deviation must be added to
the apogee mean altitude giving an apogee altitude equal to 316.6 nautical miles.
Therefore, the maximum deviation (worst case) would give an orbit of 103.6
by 316.6 nautical miles. The best case would be an orbit 162.8 by 270 nautical
miles. In this case only one OAS burn would be required to achieve 270 nautical
mile circular orbit, thereby, using less propellant which would give a maximum
payload for the OAS. Table III-2 shows that the Titan IIID would inject the pay-
load into a parking orbit with perigee altitudes greater than 100 nautical miles
and apogee altitudes less than 300 nautical miles, 99.4 and 97.0 percent of the
time.

The Titan IIID can inject a maximum payload above the Core II stage of
25 558 pounds into a 140 by 250 nautical mile orbit at an orhital inclination of
28.5 degrees (Fig. IlI-12). The 25 558 pound payload is the maximum- (OAS,
OAS propellant, and spacecraft) weight that can be loaded on the Titan IID for
the HEAO missions. This value is used to calculate the propellant required for
the OAS to determine the maximum performance capability of the OAS from
parking orbit to the final 270 nautical mile circular orbit.

Since the worst off-nominal orbit is 103.6 by 316.6 nautical miles, it is
necessary to load sufficient propellant in the OAS for maneuvering the maximum
weight from the worst orbit, As a result of transferring 25 558 pounds from
the off-nominal orbit, the maximum weight allowable for the HEAO-C space-
craft will be 22 750 pounds. Table III-3 shows a comparison of the maximum
weight that could be used for the HEAO-~C if the off-nominal orbit injection of
the open-loop Titan ITID did not have to be considered.

C. Occultation“and Source Viewing

i. Earth Occultation of Sun. In the design requirement of thermal con-
trol, solar panel, and attitude reference system, earth occultation of the sun is
of primary concern. An investigation over the complete range of occultation
parameters was made to determine the maximum and minimum occultation
time per orbit. Longitude of the orbital node was varied from 0 to 270 degrees,
orbital inclination was varied from equatorial to polar orbit, variation in launch
date was considered covering a one year period, and orbital altitude ranged
from 150 to 400 nautical miles.

oI-17



d

* (31qa0 *TWx°u 023 £q 0L I0] M ][ 6SZ) UOTIBIA[I9D

d
UIWI §G°H SEM UING PUOOSS PUE (TQI0 *Tur*U 02Z A LTE 0] M (] F86) UIW LJ°L] SBM UINQ IS1Y SVO 4

d
* (31970 *TWi*U 042 £q 0L I0] M

A.M E
q[ LTT) °UIW GO°Z SBM UINQ PUODIS pue (I1qI0 *TW*U 0LZ £9 0GZ I0] M ] 08L) UIW L° €] SeM uang jsiy SYO °®

0SL 32 LT €3 (3yeao9oeds OVIH) PeOlARd 19N

B9G T PeS 1 pajoeagng aq 03 3o m .ﬁﬂoB
122 122 xaydepy 18a030edg
144! 06 S9AX9S9Y douBWLIOIod WII[A
€33 1 €22 1 (umog-poeddinyg) SVO

pojorIIqNS 29 03 1YSTom

8T€ ¥3 199 ¥2 Jjom) 2818 e WSO M 9[OTYSA

0¥2 1 1268 pownsuo) juefedoig

q B Al

0163 £y1oedey jueiredoag

8GG 62 8%¢ G2 uoyrusy 3¢ 1ySom

083 asmduwiy o13109dg WNNoOBA

13 (svO) 1snay 1, wnnoep

Teurw oN-JO TBUTWON uotsyndoad wall o3e1s

(sq1) IySTOM

LIGHO ¥VIADYHID AAYDIAA S°82 ‘TN TVOILAVN 042 OL
IONVINHOI Y Id TVNINON-A40 ANV TVYNINON SVO °¢-III H1dV.L

In-18



-opninTe 9981a9d snsaoa peojded DOIII uell], °ZJ-II 2an31g

(w "u) 3ANLILTV 33D1H3d

oSl 0oL 0S

00S
4
00t
00z

0oL
‘w u
aniuiv

33504V

1w U 0GZ A8 OYL ©

1114

74

(gOL X Qi) AvO1Avd

mi-19



Figure III-13 depicts the occultation parameters:

 Longitude of orbital ascending node. Initially determined by launch
time of day, and after launch, changes -6.72 degrees per day for a
270 nautical mile, 28.5 degree orbit.

a Right ascension of the sun. Determined by time of year.
i  Orbital inclination relative to earth equator plane.

B  Orbital sun angle, angular distance of the sun from the orbit plane.
Function of i, @ and Q.

X Reference axis, vector in direction of vernal equinox.
N  Vector in direction of orbital ascending node.

The occultation time is strongly dependent upon the magnitude of the sun
angle g. Minimum occultation occurs when 8 is a maximum.

The effect of the time of year on earth occultation of the sun is shown in
Figure III-14. The HEAO-C orbit of a 270 nautical mile altitude and 28.5 degree
inclination was considered. The minimum sensitivity of occultation time occurs
during the autumnal (September 21) and vernal (March 21) equinoxes. The sun
is in equatorial plane on these dates and the maximum orbital sun angle, 8,
would be equal to the orbital inclination. The maximum occultation time occurs
when g is equal to zero; nodal longitudes () of 0 and 180 degrees on September
21 and March 21 effects this condition. The resulting maximum occultation is
35.8 minutes per orbit. Maximum sensitivity of occultation time occurs dur-
ing the winter (December 21) and summer (June 21) solstices. On these dates,
the maximum sun angle, 8, would be 52 degrees, which is the sum of the sun's
latitude (23.5) and orbital inclination (28.5). The maximum sun angle occurs
with a nodal orientation of 180 degrees, resulting in a minimum occultation
time of 27.4 minutes per orbit. Occultation time for nodal alignment of 2 = 0
is nearly constant over the one year period since the g angle varies only from
0 to 5 degrees.

The launch date of June 21, when the sun is at its northern-most latitude,

resulted in the maximum variation in occultation time. This date was selected
to determine the sensitivity of the other occultation parameters.
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50

270 n. mi. CIRCULAR ORBIT
28.5 deg INCLINATION

OCCULTATION TIME PER ORBIT (min)

0 .

0 | | ]
SEP DEC MAR JUN SEP

TIME OF YEAR

Figure III-14. Earth occultation of sun from earth orbit versus time.

Occultation time versus orbital altitude for a 28.5 degree inclination is
shown in Figure III-15. Four different orbital node orientations, £, of 0, 90,
180, and 270 degrees were considered. The least variation in occultation time
versus altitude occurs when the sun angle, 8, is zero; this is nearly the case
when Q = 0 for the June 21 launch date where g = 5 degrees; a decrease of 0.8
minutes per orbit for an increase of 100 nautical miles in altitude would be a
lower limit on the sensitivity of orbital altitude. Maximum variation in occul-~
tation time versus orbital altitude occurs when B is 2 maximum value; this con-
dition happens for = 180 degrees where g = 52 degrees (28.5 +23.5). A
decrease of 2.88 minutes per orbit for an increase of 100 nautical miles in
altitude would be an upper limit on the sensitivity of orbital altitude with the
inclination of 28.5 degrees.

The effect of orbital node orientation for a launch date of June 21 is shown
in Figure III-16. The initial orientation is determined by the launch time of
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day and can be selected for values from 0 to 360 degrees over a 24 hour period
of time. An ascending node of 0 degrees would dictate a launch time of 12 noon
Eastern Standard Time. A 12 midnight launch would result in an ascending
node of 180 degrees where the minimum occultation time of 27.4 minutes per
orbit occurs for the 270 nautical mile orbit.

The most sensitive parameter, orbital inclination, is shown in Figure
II-17. Inclination was allowed to vary from 0 to 90 degrees. A nodal orien-
tation of 180 degrees resulted in the largest variation in occultation time

270 n. mi. CIRCULAR ORBIT
SUN AT NORTHERNMOST LATITUDE

OCCULTATION TIME PER ORBIT (min)

0 20 40 60 80 100
ORBIT INCLINATION (deg)

Figure II-17. Earth occultation of sun from earth orbit
versus orbit inclination.
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because the resultant sun angle, 8, equaled 23.5 plus the orbital inclination.
For this nodal orientation of 180 degrees, a 45 degree inclination would yield
100 percent sun illumination for a continuous period of time. Orientation of

90 and 270 degrees does not allow the sun angle to build up as the orbital incli-
nation increases; this results in a nearly constant occultation time versus
inclination.

Maximum and minimum occulted time associated with orbital inclinations
of 0, 28.5, 55, and 90 degrees is given in Table III-4 for an altitude of 270
nautical miles. Maximum occultation occurs when the sun angle is zero and
this condition will occur for any inclination; therefore, a constant time of 35.8
minutes for all inclintations is shown. Zero occultation time would occur with
the 55 and 90 degree inclinations; as depicted in Figure ITI-17, an inclination
greater than 45 degrees would result in zero occultation over a continuous period
of time during a year's span.

TABLE III-4. EARTH OCCULTATION OF SUN FROM EARTH ORBIT
FOR AN ORBITAL ALTITUDE OF 270 NAUTICAL MILES AND
AN ORBITAL PERIOD OF 94.6 MIN

Orbit Inclination (degrees)

0 28.5 55 90
Maximum Time Occulted Orbit (min) 35.8 35.8 35.8 35.8
Minimum Time Occulted Orbit (min) 34.5 27.4 0.0 0.0

2, Target Source Viewing Accesibility.

a. Background Comments. For analysis relative to the HEAO, there
are two primary sets of inertial coordinate systems, the equatorial system
and the ecliptic system. The intersection of the equatorial and ecliptic planes
as the apparant motion of the sun crosses the equator from south to north is
the positive X-axis for both systems. The position of a source is identified in
the equatorial system by two angles: right ascension, @, and declination §.
The angle o is measured counterclockwise from the X-axis to the projection of
the source into the equatorial plane; 6 is the angular distance from the source
to the equatorial plane. The two angles in the ecliptic system are the celestial
longitude, A, and celestial latitude ¢. The longitude and latitude are measured
in a similar manner as the right ascension and declination with the ecliptic
plane being the reference plane.
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This section presents the results of analysis displayed in the two dif-
ferent coordinate systems for determining the opportunity to view a source,
first, for a given date to determine the accessible viewing area and locate tar-
get sources within this range and, second, for a given source to determine the
length of time it will present viewing opportunity for the pointing spacecraft.
Also presented is the amount of time a source will be occultated by the earth
for a 270 nautical mile altitude and 28.5 degree inclination orbit.

b. Target Source Viewing Opportunity

(1) Determination of Areas Within View on a Given Date. The
coordinate of a target source is usually given in the equatorial coordinate sys-
tem: right ascension, @, and declination, §. However, the presentation of in~
formation relative to the viewing opportunity of the source is more conveniently
displayed in the ecliptic coordinate system.

The spacecraft pointing direction is determined from the direction of
the earth-sun line. With a 15 degree half cone angle about the sun direction,
the spacecraft can view objects within a 30 degree band around the celestial
sphere; the viewing band will be perpendicular to the ecliptic plane (Fig. II-18).

O o ThXS
d

s ECLIPTIC

DIRECT
VIEW
TELESCOPE
AXIS

Figure III1-18. Definition of +15 degree and +30 degree access bands.
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(2) Equatorial System. Any point on the celestial sphere has coor-
dinates equivalent to latitude and longitude. Latitude varies from -90 degrees
to +90 degrees and longitude from 0 degrees to 360 degrees. For the present,
the celestial sphere will be represented by plotting the right ascension as the
abscissa and declination as the coordinate. Considerable distortion will result,
but all points can be shown. Various planes that are on the celestial sphere will
resemble either straight lines or sine functions.

Figure III-19 presents the celestial sphere using the equatorial coordi-
nates, right ascension, and declination, (Right ascension is expressed in units
of time rather than degrees, a common practice in astronomy; to get degrees,
simply multiply hours by 15.’.2“‘ The galactic plane appears as a sine curve.
Viewing bands for various orientations of the rotation axis are indicated by
connected lettered points. The sun is in its March 21 position. The viewing
plane that results when the spacecraft rotation axis is pointed directly at the
sun is indicated as the '"nominal' plane. The nominal +15 degree viewing band
is obtained by fixing the solar axis 15 degrees ahead and behind the sun, and 15
degrees above and below the ecliptic plane, i. e., for each off-nominal case
the following coordinates are set: '

Case 1: AN = #15 A ¢=0
Case 2: A)N = ~15 A ¢ =090
Case 3: AX =0 A ¢ = +15
Case 4: AX=0 A¢ = -15

If the rotation axis is allowed to assume any orientation within the 15 degree

cone angle of the sun, then the viewing planes can cover any point outside of
the shaded area.

Note that the nominal viewing plane for this data is a straight line
perpendicular to the equator. The nominal viewing plane will not usually be’
perpendicular to the equator; however, on March 21 (vernal equinox) the sun
is at the intersection of the equatorial and ecliptic planes so that the viewing
plane is perpendicular to both. Normally, the nominal viewing plane is per-
pendicular only to the ecliptic.

Figure III-20 shows how the area within view would normally appear in
the equatorial system. This figure is for the date June 21, which is a time
when the nominal viewing plane is not perpendicular to the equator. Note that
the area within view in this figure is the shaded area, rather than the open
area as in the other figures.
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Figure III-19. Viewing planes in the equatorial coordinate system.

Note in Figure III-19 the extremely limited amount of area that would
be within view if the spacecraft were not allowed any deviation from the sun
line (cone angle of 0 degree). Only those points which fell directly on the
nominal viewing plane could be monitored; no other points could be viewed on
that date. The galactic plane is shown because it is expected that most of the

sources of interest will lie close to it.
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Figure III-20. Viewing area, equatorial coordinate system, 21 June.

Finally, the amount of time that each of the points would be occulted by
the earth for a spacecraft in a 270 nautical mile circular orbit with inclination
of 28.5 degrees and ascending node of 0 degrees is indicated by the letter used
to plot the point. The following is a legend for these codes:
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These times are good only for the specific orbit parameters mentioned. The
estimation of minimum and maximum occultation time for an orbit with a given
altitude and inclination will be discussed in another section. It is also assumed
that if the point is within line of sight, there is no occultation; however, this
may not be a valid assumption, as discussed later.

(3) Ecliptic System. The celestial sphere is shown in Figure III-21 in
the longitude (A), and latitude (¢) coordinate system. The viewing area acces-
sible for March 21 is given for the 15 degree off-solar vector pointing limit.
Longitudes of 90 and 270 degrees is the viewing plane obtained when the space-
craft solar axis is pointed directly at the sun. Viewing planes are shown again
for four different off-solar vector pointing cases when the spin axis is 15 degrees
ahead and 15 degrees behind the sun in longitude and 15 degrees above and 15
degrees below the sun in latitude. The region outside the shaded area is with-
in the viewing disk; this results from the 15 degrees limit for off-solar vector
pointing.

Most of the known high energy sources are located near the galactic
plane. The projection of this plane is shown in Figure III-21. For the March 21
date, a large percent of these sources are located near 270 degrees longitude,
within viewing range of the spacecraft.
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Figure III-21. Viewing planes in the ecliptic coordinate system.

The amount of time of earth occultation of the source for various lati-
tudes and longitudes is denoted by the letters located in the different viewing
bands. These occultation times are associated with a 270 nautical mile alti-
tude, 28.5 degrees inclination, and orientation of the orbit ascending node of 0
degrees. The letter code for occultation time is the same as that given in (2).
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Objects with latitude greater than 75 degrees can be-seen any day
during the year and still maintain an off-solar vector orientation equal to
or less than 15 degrees. Figure III-22 gives the viewing area available for
a given celestial longitude.

165°

180° RE

195°

2650 s 285°
270

Figure III-22. Area of celestial sphere accessible to HEAOViewing.

(4) Area Exposed to Observatory's Viewing Bands. As stated pre-
viously, the nominal #15 degree viewing band is obtained by fixing the solar
axis 15 degrees ahead and behind the sun and 15 degrees above and below the
ecliptic plane. The area enclosed by this band, projected onto the celestial
sphere for the March 21, is denoted by area A C D F in Figure IOI-22. This
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‘figure shows a view of the celestial sphere as an observer would view it stand-
ing at the north ecliptic pole. As stated previously, it is very difficult to pre-
sent a spherical surface in two dimensions and as a result, Figure III-22 has a
certain amount of distortion in it. This distortion is most prevalent where
straight lines drawn in two dimenstions should, in fact, be curved lines in
three dimensions. . In light of this fact, close observation shows that the area
represented by ABG, CBG, AFGH, DCGH, FHE, and DHE in Figures III-21
and III-22 are the same areas in both figures.

In spite of the distortion prevalent in Figure III-22, the problem of find-
ding the cumulative area which the Observatory will have had access to on a
given day is facilitated by the fact that the surface area of a unit sphere is pro-
portional to the area of its Great Circle.

The area of the celestial sphere accessible for viewing by the Observa-
tory during the day of viewing is indicated by area FACD of Figure III-22
(assuming a +15 degree viewing band about the normal). Figure III-23 shows
the cumulative percentage of area of the celestial sphere exposed to a +15
degree viewing band and a +30 degree viewing band as a function of the number
of days the spacecraft has been in orbit performing viewing activities.

The *15 degree viewing band curve shows that during the first day in
orbit, the Observatory will have 32 percent of the celestial sphere accessible
to it for viewing. Further, this curve shows that during the 30.4, 60.9, 91.3,
121.7, and 152.1 days in orbit the Observatory will have had, respectively, 47,
63, 77, 91, and 100 percent of the area accessible for viewing. The 30
degree curve indicates how the cumulative percentage of exposed area increases
as a function of viewing band width.

Implied in this curve is the fact that doubling the width of the access
band does not reduce to half the time required to cover the entire celestial
sphere. As indicated, only 30 days are gained by doubling the viewing band-
width.

(5) Number of Days Required for Spacecraft Access Bands to
Reach a Source. The time required for the +15 degree access bands of the
HEAO to reach a target primarily depends upon the location of the sun in the
ecliptic plane. For a general case, consider the sun located in the ecliptic
plane as indicated in Figure III-22. The ecliptic plane is shown in this figure
as its projection on the celestial equator. Based upon this celestial longitude
of the sun, the length of time required for the viewing bands of the spacecraft
to reach a target as a function of the celestial longitude (celestial latitude ¢ = 0
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degrees) of the source is shown in Figure II-24. Specifically, this curve shows
that sources whose celestial longitudes are between 75 degrees and 105 degrees,
coupled with those whose celestial longitudes are between 255 degrees and 285
degrees are available for observation during the first day in orbit.

In contrast to this, the curve in Figure III-24 shows, also, that the view-
ing of those sources whose celestial longitudes are 74.9 degrees and 254.9
degrees will require approximately 152 days in orbit based upon the March 21
situation shown in Figure III-23.

(6) Date to View a Given Point. A zero degree cone angle of the
spacecraft's spin axis will allow two opportunities per year to view a particular
target source with a short duration, in one day, of viewing time associated with
both opportunities. The fifteen degree cone angle will allow a range of oppor-
tunity centered about the date derived from the zero cone angle.

Figure III-25 gives dates on which a source with a given longitude can be
viewed assuming a zero angle of the spacecraft's spin axis. The viewing date
is not dependent upon the source's latitude; for a given longitude all latitudes are
available in the viewing plane. But the solution for the viewing dates in the
equatotial system is dependent on the source's declination, and it is not as easy
to work with data from the equatorial system as it is with the data presented in
the ecliptic system.

(7) Maximum Number of Days a Source Will Remain Within the
Spacecraft Viewing Bands. An important parameter that must be considered
when defining a mission whose objectives are similar to those of the HEAO is
the length of time a source will be accessible for observation and study. From
a scientific point of view, this is one of the most important parameters of the
entire mission. Figure III-26 presents this parameter (actual days target is
accessible) per 180 days in orbit as a function of the target's absolute value of
latitude (¢). Latitudes near zero require the rotation plane to be nearly 90
degrees inclined to the ecliptic. As a result of this, the +15 degree curve
shows that sources located at 0 degrees celestial latitude can be viewed for only
30.4 days per 180 days in orbit and those located between +75 degrees and 90
degrees celestial latitude (¢) can be viewed during the entire mission. It is
significant that those sources which are located between +75 degrees and 90
degrees are said to be within the circle of total access (COTA). The COTA is
a function of the width of the viewing band and represents the area on the celes-
tial sphere of a circle whose radius, is one-half of the width of the viewing band
utilized.
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The 30 degrees is presented to show how the number of days a source
will remain within the spacecraft's access band increases as the access band-
width increases. ' ' )

3. HEAO Viewing and Target Acquisition Time Capability. As the
HEAO spacecraft orbits the earth, in a period of time of approximately 94
minutes, its solar panels will be occulted by the earth at a maximum of approx-
imately 37 minutes of this time. During these 37 minutes the spacecraft can
ignore the constraint that its solar axis must be maintained within a 15 degree
half-cone in a direction perpendicular to the sun and, consequently, point to
any sources on the celestial sphere which are notblocked by the earth. The
capability for +15 degree and +30 degree access bandwidths based upon an
altitude of 270 n.mi. is shown in Figure IIT-27. This capability is presented
in terms of source viewing time (hours/day) as a function of the target's loca-
tion for one day, as shown in the insert in Figure III-27. The +15 degree curve
shows that sources located between 75 degrees and 105 degrees, in addition to
these located between 255 degrees and 285 degrees, can be viewed considerably
longer than sources at other locations. This is because the spacecraft can
view these sources during the off-nominal mode as well as during the nominal
mode. The combination of the nominal viewing time and the off-nominal view-
ing time gives rise to the capability of viewing these sources for considerable
length of time per day.

Figure III-28 shows that during the time of one day in orbit for the loca-
tion of the sun, as shown in the insert, the spacecraft can reach sources located
between 22 degrees and 338 degrees. This implies that after 43 days in orbit,
the spacecraft will have had access to the entire celestial sphere.

To determine the accessibility of these possible target sources positioned
near the galactic plane, a list of 91 sources and their coordinates for these
sources where taken from Reference III-7. The impact of 0 degree and 15
degree viewing angles of the spacecraft was considered in determining the
accessibility of the targets.

A zero degree cone angle for the HEAO spacecraft spin-axis was con-
sidered in determining the viewing opportunity of the 91 sources. The time
when these sources could be viewed is shown in Figure III-29. During most of
the year, only one source is available on a given day; however, in the month of
March many of the sources are within the viewing plane when as many as six
sources can be seen during a day. This fact is also brought out in Figure III-21
where a large number of sources are seen to be near a longitude of 270 degrees.
There ar.: many days when there are no sources within viewing range. The
viewing profile given in Figure III-29 will repeat every six months.
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Viewing accessibility for the 91 sources listed in Reference III-7 were
determined for an off-solar angle of 15 degrees. This information is given
in Figure IIT-30. During most of the year there are approximately 10 sources
available per day within the 15 degree pointing limit. However, during the
month of March and up to mid-April and again during the month of September
and up to mid-October there are a large number of sources available for data
gathering. A peak of 58 sources are within viewing range on March 21; these
source positions are illustrated in Figure III-21. The viewing disk of June 21
is given in Figure III-31; here it is shown that only about 10 sources are avail-
able for potential monitoring.

1S NOT IN VIEW :

CELESTIAL LATITUDE (deg)

GALACTIC
PLANE

90 ] 1 1
0 90 180 270 360

CELESTIAL LONGITUDE (deg)

Figure III-31. Areas within view on 21 June,
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Depending on the list of sources, it has been shown that there can be a
wide variation in their accessibility for data gathering. To minimize the amount
of maneuvering required by the HEAO spacecraft, effort will have to be expended
in sequencing the target pointing schedule,

D. Manned Space Flight Network Tracking and Data
Acquisition Network Analysis

To determine the most efficient means of providing maximum network
support for HEAO-C, ground network statistics were analyzed for the Manned
Space Flight Network (MSFN). Accordingly, three prime network configura-
tions in the MSFN unified S-band system were selected for comparison analysis,
based on evaluation of the ground contact statistics and data processing capa-
bilities together with increasingly more precise mission objectives. The selec-
ted configurations are designed to receive the stored wide-band experimental
data and narrow-band real time data from the HEAO spacecraft. The following
remote sites were considered and identified, with station code in parenthesis,
for each configuration:

Network Configuration A

Ascension Island (ACN) Hawaii (HAW)
Carnarvon (CRO) Texas (TEX)
Canary Islands (CYI) Santiago (SAN)
Guam (GWM)

Network Configuration B

Canary Islands (CYI) Hawaii (HAW)
Guam (GWM)- Texas (TEX)

Network Configuration C

Ascension Island (ACN) Guam (GWM)
Canary Islands (CYI) Hawaii (HAW)

Geodetic coordinates for MSFN station locations and antenna size data are
shown in Table III-5.
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The frst configuration includes all the MSFN tracking stations which
are equipped with the hardware that could best meet the HEAO support require-
ments . The remaining two were examined to determine whether they would
provide the minimum requirements for compatibility and the necessary efficiency.
Those complements of the remote sites were proposed by the Phase B study
contractors as adequate for the HEAO Missions A and B.

The three MSFN network configurations selected for coverage analysis
were to meet the following demands:

1. Provide a minimum of one contact or more per orbital revolution
with 2 minimum time between contacts.

2. Minimize the number of remote tracking sites at a considerable
savings of both budgeted and proposed funds.

3. Eliminate any split tape recorder dumps, if possible, in the event
of station downtime or spacecraft failure.

4. Minimize contraints that may be imposed upon the tape recorders
for data storage purposes.

5. Ensure a complete transfer of all experiment and housekeeping
data recorded.

Network Configurations A and B encompassed an additional requirement that

at least one tracking station (namely, Texas) in the continental United States
be used for tracking and data acquisition in such a manner that rapid analysis
of the recorded data would be permitted.

Although the Texas station could provide approximately 90 percent cov-
erage of the United States for tracking and data receiving at a 270 nautical mile
altitude, it may be deleted from the future network system. In this case, the
Goldstone station, using the MSFN TEX equipment, would yield similar results,
since these two stations are near each other from a tracking standpoint. The
Space Tracking and Data Acquisition Network (STADAN) tracking station at Ros-
man, North Carolina, must also be considered, even though, at the 28.5 degree
inclination, the contact time during some orbital revolutions is found to be less
than the required minimum of 5 minutes. The Rosman site is attractive for
augmenting the MSFN for S-ban command and data acquisition support because
of the 1 MHz tie line to the control facility in real time or delayed real time for
fast data analysis.
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The current mission plans dictate that the HEAO-C be launched into a
nominal 270 nautical mile circular orbit inclined 28.5 degrees to the equator in
late 1976 or 1977, which is a time of increasing solar activity resulting in a
marked increase in the value of 2 o atmospheric densities.

Figures III-32, II1-33, and III-34 illustrate schematically for Network
Configurations A, B, and C, respectively, the mercator maps with ground
orbital traces and visibility contours of each tracking station for the HEAO-C
at given orbital parameters. The orbital revolution range on each map is 0
through 8. The coverage contrours were computed, using the variable terrain
and keyhole land masking data. The MSFN SAN station used the masking data
of the STADAN station at Santiago since the former was not scheduled to become
operational until 1972.

On the world maps, the mission coverage analysis started with the
HEAO trajectory in a southerly direction at a latitude of 28.5 degrees and a
longitude of 294.53 degrees. In the three figures, a longitude of 50 degrees
east was designated as an orbital revolution counter, thus permitting easy
counting of total contact times per orbital revolution without overlapping of con-
tact time from one revolution to the next one. The orbital revolution time from
the particular longitude to the same longitude was approximately 101 minutes.

The ground track for the HEAO-C repeated itself at approximately 13
days. However, only 70 orbital revolutions were evaluated because data from
70 revolutions were sufficient for the total coverage analysis.

For the first 70 orbital revolutions, contact summaries are tabulated
in Tables III-6, III-7, and III-8 for three given network configurations. The
contact made with the HEAO by each ground station during any particular orbi-
tal revolution is indicated by an X, using at least three principal external cons-
traints, namely, a required minimum of 5 minutes, land masking, and elimina-
tion of one or more stations with smaller contact time during multicoverage
occurrence. The contact time in excess of 5 minutes included 45 seconds for
the acquisition-of-signal time and 45 seconds prior to the loss of signal and was
used to minimize the number of contacts and split tape recorder dumps. The
orbital revolution ""0'" is normally one-third of an orbit, due to a fixed location
of the revolution counter.

To illustrate an example of what impact the sudden unavailability of a
particular tracking station would generate on the contact statistics, the HEAO-C,
in Table II-8 for Network Configuration C, wus assumed to be unable to con-
tact the CYI station throughout the 70 revolutions; this was assumed to be
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TABLE OI-6. CONTACT SUMMARY OF TRACKING STATIONS

WITH HEAO-C FOR CONFIGURATION A
(Altitude = 270 n.mi., Inclination =28.5 degrees)
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TABLE II-7.

WITH HEAO-C FOR CONFIGURATION B
(Altitude = 270 n.mi., Inclination =

28.5 degrees)

Orb. Tra:cking Station Orb. Tracking Station
Rev. Rev. -
No. | CYI| GWM | HAW | TEX No. | €Y1 | GWM| HAW | TEX
0 X 36 X
1 X X 37 X X
2 X X 38 X X
3 X X X 39 X
4 X X X 40 X
5 X X 41 X X
6 X X 42 X X
7 X X 43 X X
8 X 44 X X
9 X X 45 X X X
10 X X 46 X X X
i1 X 47 X X
12 X 48 X X
13 X X 49 X X
14 X X 50 X
15 X X 51 X X
16 X X 52 X X
17 X X X 53 X
18 X X X 54 X
19 X X 55 X X
20 X X 56 X X
21 X X 57 X X
22 X 58 X X X
23 X X 59 X X X
24 X X 60 X X X
25 X 81 X X
26 X 62 X X
27 X X 63 X
28 X X 64 X
29 X X 65 X X
30 X X 66 X X
31 X X X 67 X
32 X X X 68 X
33 X X 69 X X
34 X X 70 X X
35 X X

CONTACT SUMMARY OF TRACKING STATIONS
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TABLE III-8. CONTACT SUMMARY OF TRACKING STATIONS
WITH HEAO-C FOR CONFIGURATION C
(Altitude = 270 n.mi., Inclination = 28.5 degrees)

Orb. Tracking Station Orb. } _ Tracking Station
Rev. [~ Rev.
No. CYI ACN | GWM | HAW No. CYI | ACN |GWM
0 X 36 X X
1 X X 37 4| X X
2 X X 38 X X
3 X X X 39 X
4 . X X 40 X
5 X X. 41 X
6 X X 42 X ]
7 X X X 43 X X
8 X X 44 X X
9 X X ‘}5 X X X
10 X X 46 X X
11 X 47 X X
12 X 48 X X
13 X 49 X X X
14 X 50 X X
15 X X 51 | x X
16 X X 52 X X
17 X X X 53 X
18 X X 54 X
19 X X 55 X
20 X X X 56 X
21 X X X 57 X X
22 X X 58 ' X X X
23 X X 59 X X X
24 X X 60 X X
25 X 61 X X
26 X 62 X X X
27 X 63 X X
28 X 64 X X
29 X X 65 X X
30 X X 66 X X
31 X X X 67 X
32 X X 68 X
33 X X 69 X
34 X X 70 X
35 X | x X ~
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attributable to station downtime or use of station by higher priority space-
craft. This fa.lure resulted in a substantial number of revolutions (23) with-
out a single station contact in the given revolution frame; whereas, only 11
revolutions failed to obtain station contact for Network Configuration B. In
addition, Configuration C failed to achieve any contact during four successive
passes and Configuration B for two successive passes.

Ground contact and gap statistics are compared in Figures III-35, III-36,
and IIT-37 for three respective configurations. The solid blocks, depicting the
contact interval, indicate ground contacts equal to or greater than 5 minutes,
using actual land masking data. The time since initial insertion, identified in
hours, is also shown. Based on the nominal HEAO-C trajectory, the TEX
station of interest made four contacts with the spacecraft during the first 7
hours and was not contacted until almost 22 hours later. Consequently, the
TEX station provided approximately 65 minutes of coverage time during a
24 hour period.

HEAO-C tracking and data storage requirements have been analyzed for
the three network configurations. While orbiting the earth, the HEAO records
the data continuously in real time at a maximum input bit rate of 27.5 kilobits
per second. This handling capacity consists of 25 kilobits per second experi-
ment data and 2.5 kilobits per second engineering status data. When in sight
of a ground station, stored spacecraft telemetry data can be dumped at an out-
put bit rate of 500 kilobits per second. Although 1 megabit per second is a
maximum output rate limited by processing capability of the ground station
equipment, the 500 kilobits per second rate has been used for receiving and bit-
conditioning the tape recorder dump to remain within the equipment capability.

The analysis of data in storage was based on an assumption that the
spacecraft contained four onboard tape recorders for simultaneous recording
and reproducing. Based on both input and output bit rates, the minimum
- average contact time required to retrieve all stored data was determined to be
5.5 percent of the whole time of orbital revolution. So, at the orbital revolution
period of approximately 101 minutes, the required minimum average contact
time was calculated to be 5.6 minutes per revolution. The time in excess of
5.6 minutes included 90 seconds for acquisition of signal and loss of signal.
Examination revealed the minimum average contact time per orbit of 11.80
minutes for Network Configuration A, 8.93 minutes for Network Configuration
B, and 10.40 minutes for Network Configuration C.

For the 270 nautical mile/28.5 degree orbit, the spacecraft was capable
of recording 167 megabits of data per orbital revolution, assuming the input
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rate of 27.5 kilobits per second. Hence, at the delayed real time data rate,
the analysis showed that 334 seconds would be required for playback of one
revolution of the HEAO data. However, the maximum value of 167 megabits
was not exceeded, although the three network configurations reached a peak of
approximately 165 megabits several times, whenever the longer gap occurred.
The Network Configuration B had the longest gap duration of 90.62 minutes.
The study did not show any split dump when the 165 megabits of stored data
were dumped at the next station for the three configurations. Consequently,
only two tape recorders were required throughout the 70 revolutions for all
three configurations. However, if either four-site configuration loses one
station for any reason, a third tape recorder probably would be required.

The recording and dumping pattern continued to repeat throughout 70 revolutions.

Table III-9 illustrates a trade-off in tracking data versus the number
of tracking stations of MSFN to determine the capabilities of mission coverage
and data in storage. The results from the computer simulation indicated that
two tape recorders were probably adequate to meet the data storage require-
ments. However, a third tape recorder or more may be necessary for the
contingency situations.

Regardless of the number of tracking stations, an average of 90 minutes
was found to be the maximum gap duration for any one of three configurations.
The gap duration may increase when one particular station is shut down in
either one of the four-site configurations. Network Configuration B contained
six significant gaps more than Network Configuration A for 70 revolutions.
Shutdown of the Canary Islands station would result in a loss of 322,4 minutes
of data for the first 70.3 revolutions.

Total contact times in minutes are given for each following MSFN
tracking station for the 70.3 revolutions:

CYI - 322.4 HAW - 345.7
ACN - 266.6 TEX - 320.8
CRO - 320.2 SAN - 102.4
GWM -~ 381.5

Total contact times included all coverage times over stations in excess of 5
minutes.
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TABLE OI-9.

Altitude = 270 n.mi., Inclination = 28.5 degrees)

MSFN COVERAGE SUMMARY (Orbital Count = 70 Revolutions,

Tracking Data

Network Configuration

Dumped (min)

A B C
Total Contact Time (70 revs) (min) 2059.53 [1376.30 [1316.22
Number of Contacts 208 136 133
Percent of Contact Time 28.98 19.37 18,52
Average Contact Time Per Revolution (min) 29.27 19.51 18.65
Minimum Time of Contacts Per Revolution (min) 11.80 8.93 10.40
Average Number of Contacts Per Day 42 27 27
| Minimum Number of Contacts Per Revolution 1 1 i
Number of Revolutions Without Contact 0 0 0
Maximum Gap Duration (min) 88.50 90.62 88.82
Average Gap (min) 24.35 | 42.39 | 43.81
Percent of Coverage Gap Less than
1 Hour Long 92,79 63.24 75.19
Maximum Peak of Data in Storage (Megabits) 164.615| 165.255( 165.904
Number of Peaks of Data in Storage 5 16 20
Maximum Time for Data Acquired and 111.58 | 112.00 | 109.68
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The two 4-site configurations achieved 16 or more peaks of maximum
data in storage during the 70 revolutions, as compared to 5 for the 7-site
configuration. (The term ''peak' should not constitute an influential factor in
the design; the 167 megabits value is not considered a large capacity for tape
recorder technology. )

It could be concluded that the four-station configurations are just as
efficient as the seven-station configuration from the standpoint of maximum
data in storage. Apparently the only factor to influence the design of the
HEAO depends on the case of specific station outage.

E. Mission Timelines

i. Purpose. The purpose of the timeline analysis was to identify the
mission and operation activities which are representative of those that would
be performed during the two year HEAO-C mission. The exploring of these
activities, presented in the form of mission timelines, aided in identifying
particular problem areas in mission operations, subsystems design, and sys-
tems integration.

The timelines are divided into the following three mission phases:
(1) Prelaunch, (2) Launch-to-orbit and final orbit insertion, and (3) On-
orbit experiment operations. The major activities which are necessary during
the prelaunch phase of operations are discussed in Section 2. The activities
which are encompassed during the launch-to-orbit and final orbit insertion
phase are discussed in Section 3. This includes the events necessary for final
preparation for source viewing.

A gross overview of the two year operations is discussed in Section 6.
Also included are the detailed timelines for the events of particular interest
and a discussion of the logic utilized for viewing the sources on the celestial
sphere. These events and the frequency of their occurrence represent what
has been assumed as characteristic of the activities which will be required
by the HEAO spacecraft.

The timelines are based on the mission requirements and the subsystems
capabilities. They represent a compilation of information from other study
results into a typical integrated mission. Such restrictions as the launch vehi-
cle capabilities and the tracking station network were considered in timelining
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the launch phase of the mission. The orbit characteristics, the experiment
requirements, and the HEAO spacecraft capabilities were considered in the
development of the on-orbit experiment operations.

2. Prelaunch Activities. Figure III-38 shows the major activities that
are necessary during the prelaunch phase of the mission. Approximately 50
days before launch, the HEAO (spacecraft mated with OAS) arrives at ETR.
Thirty-six days before launch, the HEAO is installed on the booster and com-
patibility and systems tests are performed. The OAS and spacecraft is loaded
with propellants and pressurants twenty-days before launch. The shroud is
installed at T-10 days. Batteries are charged 3 1/2 days before launch.

Figure III-39 shows a typical countdown beginning 360 minutes before
launch., At 10 minutes before launch the Observatory systems go off external
power and begin to utilize internal battery power only, on which they will remain
until the Observatory acquires the sun and deploys its solar panels. A period of
approximately one orbit of coast within the 140 by 250 nautical mile orbit will
be required before the Observatory will have been stabilized and rate dumped,
acquired the sun, and deployed its solar panels. This results in a total elapsed
time of about 1 and 1/2 hours on battery power.

3. Launch-to-Orbit and Orbit Correction. The activities and events
required from lift-off through injection into the desired orbit, including final
preparation for the viewing of sources, are presented in Table III-10.

Three basic assumptions underline the events of putting the HEAO
spacecraft in the desired orbit. First, the spacecraft will perform its delta
velocity (AV) burns while in contact with a tracking station. This is based on
the desire to monitor the spacecraft during the burn time so that such charac-
teristics as the orientation of the vehicle and the magnitude and duration of burn
can be verified. The second assumption is that prior to injection into the
transfer orbit the spacecraft will have passed over three tracking stations so
that the orbital parameters can be determined. The third assumption is that
final desired orbital altitude is 270 nautical miles. This altitude gives the
desired two year lifetime at 28.5 degrees inclination.

As explained in Section B, the OAS/HEAO spacecraft is injected into
a nominal 140 by 250 nautical mile parking orbit by the Titan IIID. Approxi-
mately two days coasting (31 orbits) are required after injection into the
parking orbit before the first opportunity for an apogee burn occurs over a
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TABLE III-10. BOOST-TO-ORBIT SEQUENCE OF EVENTS

Time of Initiation

Event Duration

Event
Days:Hrs:Min:Sec Days:Hrs:Min:Sec No. Event

00:00:00:00 1 Ignite rocket motors.

00:00:01:48 2 Ignite Core Stage I.

00:00:02:02 3 Jettison solid rocket motors.

00:00:04:16 4 Separate Core Stage I/Ignite Core Stage II.

00:00:04:41 00:00:00:03 5 Jettison payload shroud.

00:00:04:44 00:00:02:49 6 Inject into a2 140 by 250 nautical mile orbit and
separate Core Stage II.

00:00:07:33 02:01:42:25 7 Coast in 140 by 250 nautical mile orbit/
Stabilize and rate damp spacecraft/Acquire Sun
and deploy solar panel/Activate star trackers
and obtain tracking star/Establish attitude
reference alignment/Determine orbital parame-
ters.

102:01:49:58 00:00:07:01 8 Inject into a 250 by 210 nautical mile orbit (over
Carnarvon tracking station.

02:01:56:59 01:10:18:24 9 Coast in 250 by 210 nautical mile orbit for
approximately 23 orbits.

03:12:43:23 00:00:06:24 10 Inject into a 250 by 270 nautical mile orbit (over
Ascension Island tracking station).

03:12:19:47 00:10:29:57 11 Coast in 250 by 270 nautical mile orbit for
approximately seven revolutions.

03:22:49:44 00:00:02:01 12 Circularize 250 by 270 nautical-mile orbit into
270 nautical mile orbit (over Ascension tracking
station) .

03:22:51:45 00:01:34:00 13 Coast in 270 nautical mile orbit for approximately
one revolution/Typically begin earth occultation
for this orbit. Earth occultation will reoccur and
terminate in intervals of 94 minutes and 37 minutes,
respectivel;:, from this time. The 94 minutes is
the period of a 270 nautical mile orbit.

04:00:25:45 00:04:00:00 14 Turn on CMGs.

04:04:25:45 00:01:34:00 15 Establish attitude reference alignment.

04:05:59:45 07:00:00:00 16 Acquire x-ray source for subsystems and experi~

ment checkout and calibration/Checkout and cali-
brate experiments.
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prime tracking station. The baseline tracking station network was previously
discussed in Section D. The OAS then performs the first of three burns which
will be required to place the Observatory into a 270 nautical mile circular
orbit. This burn, which is performed over Carnarvon tracking station, has a
duration of approximately 7 minutes and 1 second and places the Observatory
into a 210 by 250 nautical mile orbit. A 23 orbit coast period is then required
before the next opportunity occurs for the second apogee burn over a tracking
station. This burn, performed over Ascension Island tracking station, places
the Observatory in a 250 by 270 nautical mile orbit and has a duration of
approximately 6 minutes and 24 seconds. The third burn, which circularizes
the Observatory into a 270 nautical mile orbit, is also performed over
Ascension Island tracking station (approximately seven revolutions after the
second burn) and has a duration of approximately 2 minutes. Since a burn of
13.7 minutes is required to raise the initial perigee to 270 nautical miles, the
desire to burn over a tracking station combined with the fact that the contact
time over a single station is less than 8 minutes dictates that this required
burn be broken into two separate burns. After the desired 270 nautical mile
orbit has been achieved and circularization dispersions corrected, the CMGs
are turned on. This activity requires approximately 4 hours and is followed
by attitude reference alignment. Immediately prior to viewing the first source
as a part of the actual experiment program, the experiments are checked and
calibrated. Although seven days have been allocated for checkout of the experi-
ments, additional time could be utilized if necessary. The maneuvers required
for calibration of the instruments are discussed in Section 12.

4. On-Orbit Experiment Operations. In preparing the on-orbit experi-
ment timelines, all of the events, activities, and conditions indicated on the
timelines were constructed according to their relative duration and occurrence.
For instance, the period of time that a source is occulted is shown, in scale,
relative to the time that the source could be seen.

The various times of the year are considered in the timelines to aid in
assessing the impact of the relative daylight and dark periods of the year upon
source viewing opportunities, the thermal control system, and power system.
The occurrence of an event and the fimelines are varied so that the sun is
located at the vernal equinox, autumnal equinox, and summer and winter sol-
stices. Known sources on the celestial sphere are considered to add an element
of realism to the timelines. These known sources can be viewed during the
period of the year indicated on the timelines containing the respective known
sources.

Any combination of experiments is possible as long as the guideline
that only one experiment can occupy the focal plane of any single telescope at
any single time is not violated. The combinations of experiments on the time-
lines are only examples of what might occur. 4
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It is emphasized that these timelines only typify those activities and
their duration which will characterize the actual HEAO-C mission. The actual
mission, of course, will be dictated mainly by the sources under study and the
requirements of the principal investigators.

5. Source Viewing Logic. Figure III-40 illustrates the method used in
the viewing of sources on the celestial sphere within the +15 degree access
band. It is assumed that these sources will be known in advance and that their
locations will be preprogrammed onboard the Observatory each day for each
day's viewing. From some predetermined starting point, the spacecraft
rotates about its nominal sun axis (Z-axis) to the first source.

During a normal viewing day, five sources will be preprogrammed for
viewing. Five typical sources of sufficient interest for viewing are also pre-
sented in Figure III-40. They are SGRX-1, SCOX-6, SCOX-5, SCOX-3, and
SCOX-2, and will be available for viewing when A (celestial latitude) is
around 90 degrees. Nominally the spacecraft will view these five sources in
a manner that minimizes spacecraft maneuvers in moving from source to
source (for example, beginning with SGRX-1 and proceeding to SCOX-6,
SCOX-2, SCOX-5, and SCOX-3).

After a day's viewing is completed the spacecraft then rotates a few
degrees around the Z-axis to the next set of sources. The objective of this
type of logic is to eliminate large rotations about the Z-axis as a normal
viewing program and minimize maneuver.

6. Gross Timeline. Figure III-41 presents a two year timeline of the
major activities which have been baselined as representative of those that will
be carried out during the actual HEAO-C mission. These baseline viewing
activities, extra mission activities, and their frequency of occurrence during
a two year mission were derived with the primary objective of exercising the
HEAO-C onboard systems. The timelines served the purpose of acting as a
center around which these systems were evaluated and asséssed.

The following are the activities considered during the nominal two year
mission including the time allotted to each of the events:

a. Normal Viewing Day
(1) Viewing time — 67 percent (469 days)
(2) Viewing method — 5 sources/day

(3) Angular movement — Within #15-degree band, total
movement dictated by density of sources of interest
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b. Scan of a Large Source

(1) Viewing time — 10 percent (70 days)
(2) Viewing method — 1 point/day 3 days/source
(3) Angular movement — 2 arc min/day

c. Long Dwell Time On a Single Source

(1) Viewing time — 15 percent (105 days)
(2) Viewing method — 2 days/source
(3) Angular movement — 0 degrees/day

d. Flare Observation Between +15 Degree and +30 Degree Band

(1) Viewing time — 4 percent (28 days)
(2) Viewing method — View for one orbit per day
(3) Angular movement — As required

e. Flare Observation (Antisolar Viewing)

(1) Absolute viewing — 1 percent (7 days)
(2) Viewing method — View flare during dark period of orbit
(3) Angular movement — As required

f. Calibration of Experiments (Monthly)

(1) Absolute viewing — 3 percent (21 days)

(2) Viewing method — 1 day

(3) Angular movement — 0 degrees after source is locked onto
by instruments

g. Loss of Reference -

(1) Absolute viewing — As required

(2) Viewing method — Spacecraft will reacquire sun in an
"emergency sun acquisition mode' and then rotate about
solar axis until source is located

(3) Angular movement — As required

All activities represented on the gross timeline are structured relative
to their duration and occurrence. The normal viewing day which has been pro-.
jected to comprise 67 percent of the mission time is represented by a horizon-
tal bar in Figure IT[-41,
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The scan of a large source was estimated to consume 10 percent of the
mission duration. It was assumed that two or three large sources could occur
close to each other, therefore, requiring several days of continuous viewing
of these large sources. It was also assumed that some sources would be of
sufficient interest to require a longer viewing time than normal; viewing time
of two days per single source was allotted for this activity and 15 percent of
the total mission duration was devoted to this event. Five percent of the
mission was consumed by the viewing of flares. Observation of these could
occur between the +30 degree excursion band or during the darkside of the
orbit. Each of these activities will be discussed in detail in the following
sections. '

The above baseline viewing activities were dictated by the objective of
viewing a minimum of about 2500 sources plus flares during the two year
mission lifetime. This number of sources is based upon the expectation,
desirability, and professional projections of the potential principal investiga-
tors and other involved scientific personnel. By viewing about 5 sources per
day for 469 days, scanning about 23 sources at 3 days each, and viewing about
50 for an extended period of time at 2 days each, the Observatory should have
access to approximately 2500 sources excluding flares at mission termination.
Obviously the actual activities and the frequency with which they shall be per-
formed will be dictated by what sources are known and their characteristics
when the actual mission is flown. However, based upon principal investigator
expectations and desires, coupled with the projections of other involved
scientific personnel, it is believed that these timelines are suitable for exer-
cising the HEAO-C Observatory systems.

The timelines served this purpose in many ways. For example, the
normal viewing day activity calls for the capability to store the commands for
the viewing of five sources per day for each day. In light of this, a communi-
cations and data handling system was required which would accommodate this
capability. The scan of a large source and long dwell time on a single source
had impacts for the attitude sensing and control system in that this system would
have to possess the capability of meeting pointing accuracies of 2 arc minutes.
The thermal control system was influenced significantly by the flare observation
in the +30 degree band. This activity led to the sizing of the sunshade to shield
the entire viewing end of the spacecraft when it is tilted to the sun at an angle
of 30 degrees. Further, flare observation (antisolar viewing) influenced the
sizing of the CMG system; the capability to maneuver at rates which would
provide adequate darkside viewing times was required for this activity to be
successful.
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7. Normal Viewing Day. A normal viewing day of the HEAO-C
mission is characterized by pointing at five different x-ray sources per day.
Figure III-42 presents a timeline depicting a normal viewing day and considers
the viewing of the known sources previously discussed: SGRX-1, SCOX-6,
SCOX-5, SCOX-3, and SCOX-2. Included in this timeline, also, are source
occultation times, tracking station acquisition times, target occultation times,
.and recommended times to transport experiments into the focal planes of the
telescopes.

As an example, a typical viewing of the source SGRX-1, as depicted
in Figure III-42, is explained. First, the spacecraft maneuvers to source
SGRX-1 whose right ascension and declination angles are, respectively,

POINT AT SGRX-1 : POINT AT SGRX 1 POINT AT SCOX-8 POINT AT SCOX-6 POINT AT SCOX.
USING EXPS AHR NG Expe B USING EXPS CHR USING EXPS CHR USING EXPS BHR USING EX5 AR
AHE & ALE BHE & BLE BHE & BLE BHE & BLE BHE & BLE AHE & ALE
HRS
| bWN HAW ltX I HAW
maNUVER TO )
SGAX-1 TRANSPORT EXPS TRaNSrT Exp MANUVER TO TRANSPORT EXPS TRANSPORT EXPS
RA = 269 BHRA BHE & BLE O AL PLANE Eoyata e BHRINTO FOCAL PLANES ~ AHRA AHE
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67 MiInS ] 37 mins | 1 [ ] J ] { 1 C
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{
MANUVER TO )
Scox-5 PR R B CHR INTO TO SCOX-3 TRANSPORT EXP BHR
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Figure IlI42. Normal viewing day.
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+269 degrees and -29 degrees. It is assumed that the high resolution imaging
detector with filter wheel (indicated by AHR at bottom of Figure III-42), the
large area image detector with filter wheel (AHE) and the position sensitive
detector (ALE) are in the focal planes of the high resolution (HR) telescope,
large area (LA) telescope and low energy (LE) telescope, respectively. After
maneuvering to SGRX-1, the spacecraft views this source for approximately

68 minutes, that is, the time the source is not occulted by the earth. During
the time the Observatory is viewing this source, the Observatory will pass
over two tracking stations: Canary Island and Carnarvon.

After the spacecraft has viewed SGRX-1 for approximately 68 minutes,
SGRX-1 becomes occulted by the earth for approximately 26 minutes, during
which time a new combination of experiments are transported into the focal
planes of the telescopes. At the beginning of this source occultation period,
the objective (transmission) grating with high resolution imaging dector, the
solid state detector and the low background detector with filter (indicated by
BHR, BHE, and BLE, respectively) are transported into the focal planes of
the HR telescope, the LA telescope and LE telescope, respectively. During
this time, also, the Observatory passes over the Hawaii and Texas tracking
stations. When SGRX-1 comes back into view.it is viewed using this new com-
bination of experiments until it is again occulted by the earth. During the time
SGRX-1 is being viewed, the Observatory passes over the Texas, Ascension
Island, and Carnarvon tracking stations.

During the time SGRX-1 is occulted for the second time by the earth,
the high resolution, curved, crystal spectrometer (indicated by CHR) is trans-
ported into the focal plane of the HR telescope. Also during this time, the
spacecraft passes over the Hawaii tracking station again. After SGRX-1
comes into the field of view of the telescopes, it is viewed using the high
resolution, curved, crystal spectrometer in addition to the two experiments
remaining in the focal planes of the LA telescope and LE telescope from the
previous combination of experiments. During the viewing of SGRX-1 with this
new combination of experiments, the Observatory passes over the Texas,
Ascension Island, and Carnarvon tracking stations.

These activities complete the viewing of source SGRX-1 and the space-
craft maneuvers to view source SCOX-6 when it comes into the field of view
of the telescopes after being occulted for 31 minutes. Approximately 3 orbits
are required to view SGRX-1.
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8. Scan of a Large Source, Twenty-three sources have been assumed
whose individual dimensions would exceed the smallest field of view of all detec-
tors onboard the Observatory. These sources, as a result, could not be
covered with one pointing of the telescope but would typically require on the
average of three different pointings dictated by the detector onboard the Observa-
tory with the smallest field of view,

Figure II-43 presents a timeline which demonstrates the proposed
method for covering these large sources. For purposes of this timeline a
source whose dimensions are roughly 2.1 arc minutes by 6.3 arc minutes has
been assumed. The smallest field of view onboard the observatory is asso-'
ciated with the high resolution imaging detector. This field of view is 2.1 by
2.1 arc minutes, and is the smallest of three used in the high resolution imag-
ing experiment. Thus a source typically this size would be split into three
spots, requiring one day for viewing each spot as indicated in Figure III-43,
utilizing the experiments onboard the Observatory.

9. Long Dwell Time on a Single Source. Fifty-three sources have been
assumed to exist which will provide interest sufficient enough to warrant a long
dwell time. Long dwell time means an extended source viewing time during
which data can be collected for each experiment onboard the spacecraft.

A typical known source sufficient to provoke such interest is SCOX-2,
the viewing timeline of which is presented in Figure III-44. This timeline
specifically shows source occultation and nonoccultation time for a typical long
dwell time period of two days. Also, it shows the indicated periods of dwell
time and experiment transporting times (experiments transported in and out
of the telescope focal planes).

10. Flare Observation Between +15 Degree and +30 Degree Band.
Current guidelines call for the spacecraft to‘have the capability to operate
typically at a maximum off -sun excursion of 30 degrees for one orbit per day
to view those flares which occur outside the normal 15 degree daytime band
but inside the +30 degree viewing band. This capability is limited to one orbit
per day in order to maintain battery recharge requirements within acceptable
limits (see Chapter VIII for an expanded discussion of this point).

The presence and general location of a flare will be .determined within
an 8 degree region by the onboard coarse flare detectors. Following this
detection and during the period of time the Observatory is inside the contact
region of a tracking station with command up-link capability, a command will
be sent to the Observatory to interrupt its normal viewing program, locate
the flare within a 0.5 degree rc¢-ion, and view the flare for one orbit during
that particular day.
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Figure III-45 presents a timeline typical of this activity. Specifically,
it shows first the Observatory operating within the +15 degree viewing band
performing the '"long dwell time on a single source'' activity. Approximately
half-way between the first and second orbit, a flare is detected by the onboard
coarse flare detectors and is located within an 8 degree by 8 degree region.
This gross location is transmitted to the ground as the Observatory passes over
the Hawaii tracking station. Approximately 7 hours later, the Observatory
passes over a tracking station where a command is sent to the Observatory to
interrupt its preprogrammed viewing and to maneuver so that it can view the
flare at the beginning of the 13th orbit. At the beginning of this orbit, the
Observatory maneuvers to view the flare for a period of one orbit. Upon com-
pleting this orbit, the Observatory maneuvers back and continues its prepro-
grammed '""long dwell time on a single source'' activity.

11. Flare Observation 180 Degrees From Sun. Figure III-46 presents
a timeline showing the observation of a flare whose location is 180 degrees from
the sun. For this type of situation, the flare shall be viewed by the spacecraft
only when it (spacecraft) is on the dark side of the earth. To view sources
located in this antisolar direction, maximum angle excursions of 90 degrees
each will be required for maneuvering the spacecraft to and from the source.
With the current CMG attitude maneuvering system, approximately 6 minutes
will be required for maneuvering the 90 degrees, including settling out time,
leaving a maximum effective viewing time of 24 minutes when the sun is at the
summer and winter solstices and a minimum effective viewing time of 14
minutes when the sun is at the vernal and autumnal equinoxes.

12. Calibration of Experiments. Calibration of experiments is essenti-
ally a correction of the data received from the experiments. Basically, this
method is to point a group of the experiments onboard the spacecraft at a known
source, the data characteristics of which are already known. After receiving
data from the group of experiments onboard the spacecraft, the data are com-
pared and corrected to the expected known data. :

Figure III-47 shows typical groups of experiments which are pointed
simultaneously at a source and whose data are transmitted back to earth at
the indicated time and location. SCOX-3 used as the source to calibrate the
experiments and was selected primarily because of its low earth occultation
time and known data characteristics.

13. Loss and Reacquisition of Reference. During the desired mission
length of two years, the HEAO spacecraft might possibly lose the reference star
from the field of view of one of its star trackers. The method of reacquiring
this reference is indicated in Figure III-48.
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This method consists of basically two modes. The first mode is the
""'sun acquisition mode' where the direction and location of the sun will be
‘determined using the wide angle sun sensors and digital sun sensors, respec-
tively. The second mode is the '"reference alignment mode, ' where the space-
craft rotates about its solar axis (Z-axis) until a star reference is acquired.

The completion of each of these modes should require approximately
one orbit maximum time.
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CHAPTER IV. OBSERVATORY BASELINE DESIGN

A. Overall Configuration

A layout of the baseline Observatory configuration is shown in Figure
IV-1. The layout is keyed to the Master Equipment List (Table IV-1) for iden-
tification of the components.

The Observatory has a 105 inch maximum outside diameter and is 360
inches long (excluding the sunshade, OAS, and adapter). The cross section of
the outer structure is octagonal, and one corner of the octagon is pomted to-
ward the sun during normal operation.

Foldout solar array panels along two sides of the octagon provide the
majority of the power, with body-mounted panels on the two sides nearest the
sunline providing the remainder of the power and providing room for growth
(Fig. IV-2). The foldout panels can be identical to those on HEAO-A and -B’
spacecraft, although the hinge attach points on the spacecraft are different.
The use of foldout panels rather than body-mounted panels allows the array to
operate at a lower, more efficient temperature, with only a minimal increase
in orbital drag.

The OAS and its adapter remain attached to the rest of the spacecraft
throughout the mission. (This decision was made late in the study, so as to be
commensurate with a similar decision which was made late in the HEAO-A
and -B Phase B study.) The RCS tanks, thrusters, lines, valves, etc., and
three coarse flare detectors are located in the OAS.

A sunshade is provided to give thermal protection to experiments when
the spacecraft pointing axis is tilted toward the sun (as much as 30 degrees)
and/or when the spacecraft is rolled about the pointing axis (as much as 15
degrees). The sunshade and its worst-case shadow line are shown in Figure
1v-3.

Alignment and pointing accuracy are the most critical design require-
ments and, as such, provide strong influence on the structure and thermal con-
trol concepts. The baseline design contains a dual structure arrangement. The
outer structure supports the inner structure (on which all experiments are
mounted), the subsystems, sunshade, etc. To preclude high temperatures
inside the Observatory and to prevent large temperature gradients across the
outer structure, 0.5 inch of multilayer aluminized mylar insulation is provided



around the outside of the outer structure, with alzak skin mounted on standoff
insulators external to the insulation and spaced from it about 0.2 inch. Multi-
layer insulation is also judiciously applied to parts of the experiments to fur-
ther control their environments. An aluminized polypropylene membrane
covers the entire pointing end of the Observatory except for the view faces of
the experiments and star trackers. The outer structure and thermal control
concepts are similar to those employed by Grumman Aerospace Corporation
(GAC) in Reference IV-1. Most of the subsystems are located on the antisolar
side of the spacecraft to facilitate their thermal control by utilizing the unin~
sulated thermally stable exterior surface.

The telescope tubes and the attached forward beam assembly which
supports the miscellaneous experiments and the alignment-critical attitude
sensors (star trackers, rate gyros, and digital sun sensors) comprise an opti-
cal bench. The optical bench is attached to the main Observatory structure by
means of two forward ball joints and two aft linkages (Fig. IV-4). The two
large telescope tubes are attached at the upper ends to the circular rings
around each mirror frame. The rings are bolted to the deep oval frame around
the two tubes. A cross beam at the middle of the oval frame is used to trans-
mit the total load through a ball joint to another beam which then distributes the
load to rubber pads. The ball joint is designed to isolate any thermal bending
of the outer shell from the tubes. These two tubes are rigidly joined at the aft
end. The large area (LA) telescope tube is attached to the outer structure by
two delta-frames, using self-aligning bearings, to take out lateral and torsional
launch loads and to stabilize the aft end of the telescopes during slew maneuvers
in orbit. The delta-frames have self-alighing bearings on each end so that
thermal deformation of the outer Observatory structure, even at an unusual
off-sun angle, does not induce a stress into the optical bench.

The forward end of the low energy (LE) telescope is attached through
its own ball joint to the same beam which supports the two large telescopes.
The aft end of the LE telescope tube is linked to the large telescopes by an
A-frame and strut, using self-aligning bearings and pins, to maintain align-
ment between the telescopes.

Shock mount pads are provided between the ball joint sockets and the
crowfoot beam assembly to give protection from vibration to the optical bench
during the Titan flight., Three of these rubber pads are provided and are
mounted atop the crowfoot beam assembly which distributes optical bench loads
to the outer structure. The shock mount pads and internal support structure
arrangement are shown in Figure IV-5. The pads will carry both longitudinal
and lateral launch loads.

Iv-2
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The large telescope tubes are fabricated of graphite~epoxy, primarily
because of the excellent thermal properties of that material. The deep oval
ring which ties the large telescopes together is made of titanium for low thermal
conductivity. All other structure is made of aluminum.

Figure IV-6 shows an exaggerated view of the action of the internal sup-
port arrangement under thermal bending of the external structure. Rotations
of the A-frame-and-strut and delta-frame as indicated in this figure, due to
thermal deformation of the outer structure, do not affect the-alignment and
parallelism of instruments mounted on the optical bench; the bench would tilt with
respect to the main spacecraft structure, but this would not affect pointing
since the optical bench rather than the outer structure is the reference for

pointing, View (a) shows the normal spacecraft orientation (arrays normal to
sun) and view (b) shows the spacecraft rolled 90 degrees about the longitudinal
(X) axis from the orientation in (a). As indicated, no torquing or bending of
the tubes will occur, and they remain parallel.

Several alternate mounting concepts were considered for the experi-
ments, and these are described in Appendix C. The concept using the ball
joints, shock mounts, and linkages (B/S/L concept), however, offers the fol-
lowing advantages:

e No bending forces are applied to the optical bench.

e Deformation of the outer structure does not affect the Observatory
operation.

e No linkages have to be dropped in orbit (can eliminate some hard-
ware and the associated failure probability).

e Considerable tolerance for thermal control system failure or degra-
dation is provided by this mounting arrangement.

e Good thermal isolation of the bench from the crowfoot beam is pro-
vided by the ball joints and shock mounts.

o A high degree of insensitivity of telescope tilt angle to joint shifts is
provided, due to the large mounting base.
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The use of separate tubes for each telescope also provides several ad-
vantages over other concepts which were considered (see Appendix C). Among
these are (1) the simplification of structural and thermal interfaces among tele-
scopes, and simplification of integration and development by allowing each tele-
scope to be designed, built, and tested more easily and realistically as an
entity before having to be integrated into the Observatory; (2) greater program-
matic flexibility to accommodate schedule changes, development problems, etc.;
(3) the insensitivity of each telescope to changes in design in other telescopes
or Observatory systems; (4) greater availability of space in the Observatory
for packaging subsystems; and (5) greater structural efficiency.

For ease of manufacturing and assembly, the spacecraft outer structure.
might be assembled into two longitudinal halves, with telescopes mounted prior
to joining the halves (Fig. IV-7). Disassembly could be accomplished in the
same fashion should removal of telescopes be required. Normal access to the
interior for installation, testing, etc., could be accomplished by using remov-
able panels on the antisolar side (no insulation on some of these) and by enter-
ing through the ends of the Observatory using access equipment.

B. Baseline Observatory Systems

1. Systems Description. Figure IV-8 is a block diagram showing the
baseline Observatory systems and subsystems, and Figure IV-9 is a schematic
diagram depicting the experiment mounting scheme,

The Observatory1 systems and subsystems are defined as follows:
a. Experiments
b. Attitude Sensing and Control System (ASCS)

(1) Attitude Sensor Subsystem

(2)  Attitude Control Subsystem

(3) Reaction Control Subsystem

1. The Observatory consists of the spacecraft plus experiments.
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c. Electrical System
(1) Electrical Power Subsystem
(2) Electrical Distribution and Control Subsystem
d. Communication and Data Handling System (CDHS)
(1) Communication Subsystem
(2) Data Handling Subsystem
e. Structure
(1) Outer Structure
(2) Crowfoot Beam Assembly
(3) Optical Bench
(4) Miscellaneous Mounting Hardware
f. Thermal Control System
(1) Insulation
(2) Coatings
(3) Alzak skin
(4) Heaters
(6)  Filters (Membrane)
g. OAS2
(1) Main Propulsion Equipment
(2) RCS Equipment

(3) Separation Equipment

2. The OAS is considered an element of the spacecraft, although not a system
per se.

Iv-14
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The following paragraphs briefly describe these HEAO-C systems.
a. Experiments. The experiments are described in Chapter II.

b. Attitude Sensing and Control System'.\ The baselines ASCS con-
sists of 3 coarse sun sensors, 2 digital sun sensors, 6 reference gyros, 4
fixed-head star trackers, 4 single-gimbal CMGs, 3 processor/computers, 1
transfer assembly, 16 RCS thrusters, and 8 tanks with associated lines and
valves. The CMGs were selected to furnish the required pointing accuracy
and stability. The RCS was chosen for CMG unloading, since it is required
for attitude control during OAS burns and since HEAO-A and -B plans similar
RCS utilization. The coarse sun sensors are used for sun acquisition, and the
DSS is used for two axis fine sunline orientation. The star trackers provide
three axis information; their fields of view, sensitivity, and physical arrange-
ment were selected for a high probability of always seeing usable guide stars
with any Observatory orientation, and for ability to perform the mission with
minimal degradation in performance with as many as three trackers failed.
The transfer assembly serves as an interface between the sensors, actuators,
and processor/computer.

Most of the items are similar to those specified in References
IV-1 and IV-2, but the star trackers are different from those in either refer-
ence, due to the HEAO-C pointing requirements.

c. Electrical System. The solar array consists of 6 deployable
panels (90 percent cell packing density) and 2 fixed panels (42 percent packing
density). The array deployment devices are torsion rod/viscous damper
assemblies released by redundant pyrotechnics. Half of the array modules
are connected to one solar array distributor and half to another. The two
distributors are mounted near the solar array to save cabling weight. Each
distributor can be switched to either of two charger-battery groups consisting
of three chargers and three batteries. The batteries are 22 cells rated at
20 ampere-hours per cell. The output of each group can be switched to either
of two electrical control assemblies - (ECA). Four regulators are used; two
are capable of supplying full power. Each ECA feeds input power and receives
regulated power from two regulators. Each ECA output can supply all or part
of the subsystem load and part of the experiment load through five EIAs.
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, d. Communication and Data Handling System. This system gathers,
formaits, and records the experiment and housekeeping data, and transmits them
to a ground station on command; it also receives, stores, and distributes ground
commands to experiments and subsystems. The hardware consists of the fol-
lowing items:

Multiple (40) remote multiplexers and one central unit.

e PCM encoders.

e Format generators.

e A dual tape recorder control unit and four tape recorders.

e Two internally redundant transponders with RF switches,
diplexers, and hybrids.

e Two antennas, one of which is boom-mounted.

¢ Two PSK demodulators.

e Two central and e-ight remote command decoders.
e Two command memory units.

e A redundant clock.

The command memory was not identified as a required item for
HEAO-A and -B.

The system can gather and store data in any of four fixed-
selectable formats. Data are stored on one recorder until it is filled (approxi-

mately 1.65 X 108 bits per recorder, or 1.06 orbits), then it is transmitted to
the ground on command. The system normally transmits recorded data over a
500 kbs downlink and simultaneously transmits real-time data (27.5 kbs) on

a subcarrier, using frequency diversity techniques. The system receives
commands on a frequency of 2100 Mhz. Real-time commands are acted upon
by the remote decoders as they are received. Delayed commands are ignored
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by the remote decoder and are stored in the command memory. A command
is called up from storage at-the proper time and appears as a real-time com-
mand to the remote decoders. There is a 24 hour command storage capability
which can be bypassed in case of malfunction.

e. Structure. There are four major portions of the structure:
(1) the outer structure, consisting of ring frames, eight longerons, stringers,
skin, and sunshade; (2) a forward crowfoot beam assembly on which the optical
bench is supported; (3) the optical bench, which consists of a dual beam assem-
bly, two ball-and-socket joints, telescope tubes, and aft tube linkages; and (4) '
miscellaneous mounting hardware. The outer structure serves to isolate the
optical bench from direct solar radiation and supports the subsystems (includ-
ing solar arrays), the sunshade, and the optical bench,

Some of the outer structure members (stringers, ring frames,
and longerons) from HEAO-A and -B might be useable on HEAO-C, but this
commonality may not be great because of the differences in experiments and
their attach points and load paths. One key difference in outer structure design
is that HEAO-C must utilize structural skin for shear strength; whereas, HEAO-
A and -B obtain shear strength through transverse shear webs and bulkheads.

The crowfoot beam assembly takes all the longitudinal launch
loads of the optical bench and distributes this load to several points around the
circumference of the outer structure. The optical bench serves as a reference
structure for precision alignment of the experiments and the most accurate
sensors (rate gyros, star trackers, and digital sun sensors). The mounting
scheme can be seen in Figures IV~1 and IV-4, The ball-and-socket joints
allow relative movement between the optical bench and the outer structure, so
that thermal or other distortion of the outer structure does not induce stress
into the optical bench. The aft linkages on the tubes are required for trans-
verse and torsional launch loads and also limit the movement of the telescope
aft ends during on-orbit maneuvers (the link from the LE telescope to the others
serves also to maintain experiment coalignment). The alzak skin used for ther-
mal control also serves as a micrometeoroid bumper. Miscellaneous mounting
hardware is provided for the experiments and systems.

f. Thermal Control System. Thermal control is maintained by
coatings on the spacecraft inner and outer surfaces; by multilayer aluminized
mylar insulation; by use of alzak skin, mirror heaters, sunshade, and a ther-
mal control filter; by judicious choice of structural materials and choice of
equipment location. Insulation is provided on the outside of the outer struc-
ture to minimize ''hot-dogging.' The LA and HR tubes are constructed of
graphite-epoxy to minimize thermal distortion, and some insulation is also
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provided on the outside of the tubes. Most of the systems are located on the
cold side of the spacecraft for easy control of the thermal coupling to the back
surface. Some hardware is compartmentalized and louvers may be utilized in
the battery compartfments.

g. OAS. A stripped OAS, similar to that used in the HEAO-A and
-B studies, was assumed for the purpose of this study. It consists of the main
engine, main propulsion tank and pressurant supply; RCS thruster assemblies;
RCS tanks, lines, valves, etc., and separation hardware. The OAS remains
attached in orbit and is considered part of the spacecraft. A more detailed
description of the OAS is provided in Appendix B.

2. Systems Integration

a. Electrical Power Summary. A summary of the power require-
ments for the Observatory is shown in Table IV-2 for normal on-orbit viewing
operations. A more detailed breakdown of each subsystem's requirements for
each mission phase can be found in Chapter VIII. It is significant to note that
the power requirements are greater than those defined for HEAO-A and -B in
the Phase B studies (approximately 640 watts for those missions if CMGs are
used, including 20 percent contingency, compared to 722 watts for HEAO-C).
Excluding contingencies, the experiment power requirements on HEAO-C are
approximately 10 watts less, but spacecraft subsystems power requirements
are approximately 80 watts greater.

b. Mass Characteristics. Mass data were developed for several
configurations during the study. The alternate configurations and their mass
characteristics are discussed in Appendix C. The baseline configuration mass
characteristics are provided below.

Table IV-3 gives a detailed weight breakdown of the Observatory.
The total weight of the HEAO-C spacecraft (including RCS propellant, but
excluding OAS weight and the Titan adapter) without contingency is 14 353
pounds, which is approximately 4650 pounds less than HEAO-A. The primary
changes in HEAO-C system weights from HEAO-A weights are listed below
(all weights are approximate):

e 5325 pound decrease in experiment weight (HEAO-A
~ 12 500 1b)

e 675 pound increase in subsystems weight (HEAO-A
~ 6500 1b)
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TABLE IV-2, HEAO-C ON-ORBIT ELECTRICAL LOAD SUMMARY

Average Power Peak Power
Load W) W)
Experiments 234.0 | 294
Communications and Data Handling 79.3 141.6
Attitude Sensing and Control 252.1 353.12%
Experiment Thermal Controlb 10.0 40.0
RCS 41.9 295
Electrical System 16.0 25.0
Baseline Total 633.3 1148.7
Contingency (~ 14%) 89.0 89.0
Total Design Load 722.3 1237.7

a. Assumes simultaneous spinup of all CMGs.
b. All other thermal control power is listed under the applicable systems.

The principal increase in subsystems weight is attributed to the structure,

- approximately 500 pounds. The weight of the two large telescope tubes (460
pounds) has been included here rather than in experiment weight. The remain-
der of the differences are distributed among the subsystems. The lighter weight
of the HEAO-C Observatory helps in the launch vehicle performance area but
hurts in the orbital lifetime area (ballistic coefficient is worse)., A 20 percent
contingency is suggested for the HEAO-C control weight during the next phase

of the study, or an Observatory orbital weight of 18 700 pounds at start of
mission.



TABLE IV-3. HEAO-C BASELINE OBSERVATORY WEIGHT SUMMARY

Experiments 7175
HR Telescope (less tube) 2636
Mirrors 2025 '
Detectors and Misc. 611
LA Telescope (less tube) | 2820
Mirrors 2400
Detectors and Misc. 420
LE Telescope 840
Mirrors 400
Detectors and Misc. 140
Structure (tube) ' 300
Miscellaneous Experiments 879
Aspect Detector 121
Flare Detectors 297
Monitor Proportional Counter . 142
Flat Crystal Spectrometer 162
Cabling 157
Subsystems 6966
Structure 3375
Outer Shell (including sunshade) 1417
Bench (tubes and mounts) 1497
Crowfoot Beam Assembly 261
Mounting Brackets 200
Attitude Sensing and Control 1927
Attitude Sensing 138
Attitude Control 734
RCS (dry) 207
Propellant and Pressurant 848
Thermal Control 505
Insulation 120
Coatings 70
Alzak Skin 300
Heaters 15
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TABLE IV-3. (Concluded)

Communication and Data Handling 178
Communication 60
Data Handling 118

Electrical Power 856
Arrays 332
Storage 396
Regulation and Control 32
Distribution 96

Cables 125

Miscellaneous
OAS (stripped) 1 223
OAS Propellant 1 240
Spacecraft Adapter 212
Titan Adapter (212 Drop Weight) 221

Observatory Lift-off Weight 17 037

Observatory Weight After Titan Separation 16 825

Observatory Weight After Final Orbit 15 585"
Circularization

a. More recent data lists stripped OAS as 1499. 2 pounds and shroud non-
separation weight as 97.6 pounds. The Observatory weight after orbit
circularization is 15 959 pounds.

- Fourteen discrete masses were utilized to help simplify the
mass characteristics determination. The inertia contribution of each mass
about its own centroid was accounted for. Estimates for the inertia of each
mass were calculated on the basis of a homogeneous solid. The total mass
characteristics for the baseline configuration are given in Table IV-4. The
reference axes used for these calculations are depicted in Figure IV-10. Also
shown in the table are characteristics for the cases where 25 percent contin-
gency weight and 50 percent contingency weight are distributed homogeneously
within the Observatory. It should be noted that the inertias about the Y and Z
axes are much larger than those about the roll axis (X). This distribution
results from the heavy mirror with its supporting structure located at the
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Figure IV-10. Reference axes for location of discrete masses.

TABLE 1v-4. BASELINE MASS CHARACTERISTICS SUMMARY
Centroidal Iner‘gia
. Torque (slugs-ft2 X 10%)
Weight Arm, TA

Confi ti in.

Configuration (1b) (in.) L Iy L
Baseline plus OAS 15 585 250 2.88 69.51 | 70.05
Baseline plus 25%. 19 481 249 3.46 77.48 | 78.01
Baseline plus 50% 23 378 235 3.75 | 97.14 | 98.00
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forward end and the OAS attached at the aft end. The contingency of 50 percent
is close to the maximum capability of the launch vehicle, 24 318 pounds. The -
reference axes shown in this table are used in discussion of theeObservatory in
the various sections of this report.

c. Interface Considerations. The key Observatory requirements
and considerations which affect physical and/or functional systems interface
design are listed below:

Pointing Accuracy — Requires that the attitude sensor
locations/orientations be unaffected by environmental
perturbations; hence, they should be located on the
optical bench.

Experiment Coalignment — Requires accurate initial
alignment and minimum effects from environmental per-
turbations; hence, all experiments should be mounted on
the optical bench.

Thermal Control — Requires that system hardware
mounting locations and arrangements be optimum for
achieving thermal balance; the antisolar side is preferred
for system hardware.

Electromagnetic Control (EMC) Considerations — Require
that hardware which contains high voltage switching circuits
or other electromagnetic interference (EMI) generating
circuits be shielded and/or located remotely from EMI
susceptible hardware, such as cathode ray tubes (CRTs),
photomultiplier tubes, tape recorders, star trackers, etc.

Modular Interference Hardware — A great deal of
commonality/modularity can be utilized in the design of
interface equipment such as the remote multiplexers. A
standard size unit can be used for each experiment and
subsystem, and its capability can be increased by using
identical add-on units where required. The same approach
can be used for remote decoders and power distribution
hardware (EIAs, etc.). The principal investigator (PI)
must supply required buffer storage as a part of his
experiment.
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Mass Moment of Inertia/Center of Gravity (MMI/CG) Con-
siderations — The location of equipment affects the MMI and
CG, but in general these considerations are secondary to
others, such as thermal control.

Maximum Utilization of Existing Designs — The primary
effect of this consideration, from an interface standpoint,
was to aid in determining the locations and amount of equip-
ment mounted inside the OAS.

Launch Vehicle Interface — There are 300 words available
on the Titan IIID telemetry system (see Appendix B) for
transmitting critical payload parameters during launch, A

.small amount of power and a few commands will have to be

transmitted across this interface for stage separation func-
tions; there must be at least 16 structural attach points at
this interface.

GSE Interface — Observatory equipment which will probably
be active at launch is the communications and data handling
system (except for transmitters), attitude sensing and control
system (except for CMGs, sun sensors, and star trackers),
heaters, and the portions of the power system required to
sustain the other activated systems. There is no umbilical
arm at the payload level on the launch pads (Pad No. 40 or
41 at Patrick Air Force Base). Consequently, there are no
present plans for any Observatory umbilical connections.
Most connections to ground support equipment (GSE) for
launch or checkout will be through use of drag-on test cables,
The gantry at the launch pad must be rolled back about 2
hours prior to launch, and some of the systems mentioned
above will be activated at that time. The GSE power can be
supplied through the Titan interface until "power transfer,"
and controls can be supplied during this 2 hour period and
the succeeding 2 hour launch window period via RF link, by
using an RF window or a parasitic antenna on the shroud.

The Observatory systems block diagram (Fig. IV-8) gives some

indication of the types of interfaces which exist on HEAO-C, The chapters on
each system provide more details on the complexity of these interfaces. The
functions which must occur between major elements of the Observatory and
launch vehicle are defined in Figures.1V-11, 1V-12, and IV-13.
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d. Two Year Lifetime Considerations. The HEAO-C requirement
of a two year operational lifetime is a more stringent requirement than that
specified for HEAO-A and -B missions (one year required lifetime with a two
year lifetime goal). In the phase B studies, expendables and energy sources
were sized for a two year lifetime, and the other subsystems designed to a one
year reliability goal. Even the subsystems which were sized for a two year
lifetime do not possess the high two year reliability required for the HEAO-C
mission. Hence, design changes and increases in development testing will be
necessary, both for the increase in lifetime and the increase.in required reli-
ability, for the HEAO-C design to make maximum use of existing HEAO hard-
ware. Since commonality of HEAO-C hardware with HEAO-A and -B hardware
is a strong design driver, the general approach to achieving the two year life-
time and associated high second year reliability in the HEAO-C study was to
improve the effectiveness of the same components by better systems utilization
and integration techniques and to add components in standby redundancy where
required. Such an approach stresses commonality of components but not neces-
sarily of systems, so costs will increase due to this difference.

The approach just described may not be achievable in all cases
(depending on the final design of HEAO-A and -B); hence, in some cases, the
longer lifetime and higher reliability for the second year may necessitate the
following (assuming the intent is still to maintain maximum commonality across
missions):

e Redesign/modification of HEAO-A and -B off-the-shelf
hardware (if its design life was not for two years).

® Additional testing complexity caused by the additional redun-
dancy previously mentioned.

® Additional development, qualification, and/or requalification
testing (if HEAO-A and -B hardware was designed and quali-
fied to the less stringent requirements), particularly for the
life-critical and cycle-critical items such as solar arrays,
batteries, tape recorders, gyros, CMGs, star trackers,
RCS components, etc.

The foregoing considerations all tend to lead to a general con-
clusjon, which is a recommendation of the study. That is, the lifetime and reli-
ability requirements of HEAO-A, -B, and -C should all be the same if maximum
cost-effectiveness in the area of commonality across missions is to be achieved.
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There are several other factors which must be taken into con-
sideration in thinking of the two year, high reliability mission; these are listed
below:

¢ Experiments must be designed with a two year lifetime and
a high second year reliability. Indications are that the PIs
may prefer a lower reliability requirement for. the second
year, due to complexity, cost, etc.

e Priority for utilization of the tracking network traditionally
decreases as time in orbit increases. If there is a great
demand for the network from many spacecraft, there will be
a greater probability of losing HEAO data later in the mission
due to this factor. Hence, there may be less return on the
investment in the second year of lifetime and high second
year reliability.

e Using a mission/data worth model which decreases with time
in orbit (see Reliability paragraph which follows), the value
of the data and the mission is less for the second year; hence,
from this standpoint also, the return on the investment in
the second year lifetime and high, second year reliability
will be less.

e. Reliability. The design approach in the study was to plan for a
reliability of 0,95 for one year, determine what the corresponding reliability
would be for two years, then assess the cost impact of raising the reliability
to 0.90 at the end of two years. It was desired to perform a classical reli-
ability analysis on the Observatory subsystems so that the results could be
compared with those from the HEAO-A and -B studies. In performing this
analysis, the same component failure rates from those studies were utilized
wherever a similar component existed in the HEAO-C design unless there was
some indication that th_e failure rates should be changed, The results of this
analysis are summarized in Table IV-5. The 'compl'ete analysis is provided
in Appendix G.

The results of the classical numerical reliability analysis were
used as a guide rather than a rigid requirement in designing the HEAQ-C systems;
since such an analysis depends on the definition of success, and success isa
relative rather than an absolute quantity, engineering judgement must be utilized
with the reliability numerical analysis to obtain a reliable but practical design.
Using this philosophy, a concept of Mission Worth and degraded mode operation
was defined giving a high probability of having an acceptable degree of success in
high-failure conditions of operation. The single parameter which gives the best
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TABLE IV-5. HEAO-C RELIABILITY NUMERICS SUMMARY

Reliability
Subsystem 1lyr 2yr,
Attitude Sensing and Control 0.94520 0.81024
Electrical Power (EPS) 0.99199 0.94403
Communications (COMM) 0.99963 0. 99792
Data Handling (DHS) 0.98890 0.95895
Reaction Control 0.99739 0.92948
Baseline 0.92446 0.68035
Alternate 1% 0.96188 0.76363
Alternate 2 | 0.96717 0.83899

a. See X_/olume IO, Appendix G for discussion of alternates.

indication of mission success (from the spacecraft systems standpoint) is "per-
cent of valid data returned.' Here, it must be assumed that the data are valid
if all systems are performing per specifications. The data collected early in
the mission will be more valuable than data collected later in the mission, for
several reasons:

(1) The most interesting targets will be selected for viewing
early ih the mission.

(2) Experiments and/or systems may degrade later in the
mission.

(38) Traditionally, priority on the tracking network decreases
with time.

It is recommended that a more extensive analysis of degraded
modes of operation be undertakep in the next phase of the study. In particular,
it would be desirable to have high(er) reliability and extra confidence in the
functions and hardware which have the greatest contribution to the value of the
scientific objectives. An attempt should be made to identify those spacecraft

V.32



operating parameters and hardware components which would have the greatest
adverse effect on the experiments in the event of their degradation or failure.
Having identified these functions, a maximum amount of backup should be pro-
vided for them in the spacecraft design.. Each Principal Investigator should be
requested to provide judginent of the relative value of his experiments by pro-
'viding information such as that listed below, based on the current concept of his
experiment.

o 1. Rank each of the experiments (combination of end items of
‘hardware and the applicable modes) according to relative importance with respect
to each other.

2. With each of the above' experiments, determine the most
critical spacecraft parameters (listed below) in terms of adverse effect-on exper-
iment if they degrade:

a. Long-term drift (stability)

b. Short-term drift (jitter rate)

c. Pointing accuracy

d. Clock accuracy and resolution

e. Clock stability

f. Aspect quality (includes experiment aspect system)

g. Misalignment
Even if coalignment degrades considerably, it is assumed that all experiments
could still be pointed sequentially to a source. Therefore, the greatest effects
that should be considered here are the loss of simultaneous data from a source
on all experiments and the loss of viewing efficiency.

3. Provide a graph showing how the most critical experiment
parameters vary as a function of the most critical spacecraft parameter(s)

defined in item 2 above. On the same graph, show the data.rate and data handling
impact as a function of the variation in spacecraft parameter(s).
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A quantity denoted as mission/data worth was defined as a
measure of the instantaneous value of the data being generated at any time. A
model showing the mission/data worth for the entire mission is shown in Fig-
-ure IV-14, and a table showing curhulative mission/data worth for each month
of the mission is provided as Table IV-6. Such a model seemed to be practical
and realistic to most PIs and engineers with whom it was discussed during the
study. The m_ission/data worth does not decrease as rapidly as models gener-
ated earlier [IV-1] for Missions A and B (cube root and square root models);
this seems to be logical since HEAO-A and -B repeat their scans of the celes-
tial sphere each 6 months (although they point at progressively more and more
sources), whereas HEAO-C will point at different sources (albeit sources of
decreasing interest).

TABLE IV-6. CUMULATIVE MISSION/DATA WORTH

Cumulative ' Cumulative

Time (Months) Worth (%) Time (Months) Worth (%)
1 - 6,67 | 13 73.35
2 13.34 14 76. 68
3 20,01 15 80.01
4 26, 68 16 83.34
5 33.35 17 86. 67
6 40.02 18 90,00
7 45,02 19 91. 67
8 50,02 20 93.34
9 55,02 21 95,01
10 60,02 22 96. 68
11 65, 02 \ 23 98,35
12 70. 02 _ 24 100,02
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Consequently, using the foregoing philosophy, the quantity
which should be utilized to measure mission success is the total returned data
worth (the total data returned multiplied by the value of data). The common
" denominator for determining the contribution of each system to the mission

success is the number of months of suceessful operation of that system.

An indication of the capability of the spacecraft to operate with |
a high quantity of failures is provided in Table IV-7. The level of success
shown in the table is based on the capability of the spacecraft after the cited
failure mode has occurred. The true mission success level is dependent on

the time at which the failure occurs. For example, degraded mode two of the

_ ASCS leaves enough capability to continue performing some experiments. If

. this failure mode occurs at mission beginning, the most data available is approx-
imately 20 percent of spacecraft capability. If this failure mode occurs at the

" one year point, the mission would be 70 percent (first year contribution) plus

the worth after the failure mode.

Figure IV-15 shows the cost penalty of increasing reliability
above the level of the present baseline spacecraft. The cost represents only
the cost of the hardware. More details are provided in Appendix G.

f. Commonality. Commonality of HEAO-C hardware with HEAO-A
and -B hardware (as defined by the Phase B studies) was a strong driver in the
HEAO-C design. The degree of commonality in components can be seen in
Table IV-1 for the functional systems hardware. In addition, the thermal con-
trol concept, insulation, alzak skin, and coatings can be essentially the same.
Many elements of the outer structure can be the same, such as the full length
longerons and the ring frames. The adapter and stripped OAS can be the same.
The areas in which HEAO-C requirements seem to be the driver for common-
ality across all missions are listed in Table IV-8. Obviously, achieving com-
monality may be more costly than remaining uncommon in some areas, and

cost-effectiveness studies must be performed to determine the optimum approach
in each specific instance.

g. Design Characteristics Summary. A summary of the signifi-
cant HEAO-C design characteristics is provided in Table IV-9.

h. Design Margin and Growth. An estimate of the margin which
- presently exists in the HEAO-C design and the growth which could be accom-
modated with minimum design impact are provided in Table IV-10. From
this table, it can be seen that there is considerable margin and room for
growth in almost every parameter. In fact, once these systems have been
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TABLE IV-9. SIGNIFICANT HEAO-C DESIGN CHARACTERISTICS

Design Required‘ or Driver

Design Feature

Performance Capability

Pointing Accuracy: +1 arc min
Pointing Stability: Goﬁd'
Jitter Rate: 1 arc sec/sec

No. of Maneuvers: > 3600

Experiment Coalignment:
+1 arc min

Exp. Vibration Limits:
< Titan Levels

£xp. and Optical Surface

Sensitivity: Critical

No. of Detectors per Telescope:
Multiple

Telescope Sensitivity Degra-
dation: Minimum

Exp. Calibration with
Onboard Source (Partly)

Power: 723 W Plus Growth
Capability

Off-sun Pointing; 15 deg
Continuously at End of Life

Data Recording Rate: 27.5 kbs

Sequential Pointing Without
Frequent Ground Contact

No. of Commands: 767
Launch Date: 1976-77

Lifetime: 2 yr

Reliability: 0.95 for 1 yr
(up to 0.9 for 2 yr)

CMGs

CMGs

CMGs

CMGs

Tight thermal control,
minimum structural shifts
and deformations, optical
bench with ball and linkage

mounting

Shock-mounting of
experiments

Remote thruster location,
elimination of consideration

of some propellants

Exp. transport mech.

Exp. transport mech.

Exp. transport mech.

Foldout arrays

Foldout arrays

Onboard data com-
pression/processing
(experimenter-supplied
computer) to decrease
from data rate of > 50 kbs

Command Storage

10 bit command data
word

270 n. mi. orbit

Redundancy and high
failure condition
operation

Redundancy and high
failure condition
operation

+1/2 arc min

=~ 2 to 5 arc sec per 1/2 orbit
<1 arc sec/sec

> 3600

< 1 arc min coalignment,

max AT of +1° F across tube,
max AT of £5° F along tube,
max AT of £2,5°F across outer

structure .

Undetermined

Undetermined

Adjustment in+Z and £X
directions to>0. 001 in,
accuracy !

Same

Same

857 W EOL 15 deg off-sun

=~ 40 deg off-sun continuously
at end of life

27.5 kbs

24 hr command storage
1124 commands
>2 yr

>2yr

0.924 for 1 yr
(0. 680 for 2 yr)
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Figure IV-15. Observatory equipment A cost versus reliability.
developed, they could be utilized for many similar payloads applications, such
as are now being investigated in the Research and Applications Module studies

and other studies in progress within NASA,

i. Suggestions for Phase B Study. The following items are sug-
gested for considerations in the Phase B Study:

o Trade studies to determine viewing sensitivity of experiments
versus their data rate requirements versus Observatory con-

trol system accuracy and stability.

e Further studies of contamination of optical, thermal, power,
and experiment surfaces during launch and orbit.

e Further studies of magnetic control system.
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e Tape recorder studies.

o More detailed structural dynamic analyses, including total
space vehicle (launch vehicle plus Observatory).

e Refinement of transport mechanism design to handle more
experiments.

C. Experiment Transport Mechanisms

1. Requirements. Transport mechanisms for the HEAO-C spacecraft
are required to position experiments at the focal plane of the telescopes. The
concepts of transport mechanisms with fixed stops and with variable stops were
considered but were discarded in favor of a concept with no stops (except the
two end ones). Utilization of any transport mechanism introduces the possibility
of failure of the mechanism but also provides a capability of in-orbit adjustment
which can be very valuable where precision alignment and pointing are required,
The fixed stops (and even the variable stops) at the focal points penalize this
concept by limiting the adjustment capability inordinately, hence, the decision
to drop those concepts. Some cost savings in the precision manufacturing and
ground alignment of the hardware inside the telescope tubes can be effected be-
cause of the presence of the transport mechanisms. During typical operation,
the mechanisms will be shifted to one or the other end stops, occasionally,
for recalibration of the position encoding device. Peaking of the signal can be
accomplished by sweeping a detector slowly across the optical axis at the center
of the focal plane while viewing a fairly strong source. Data can be evaluated
to determine the exact location of the strongest reading. There appears to be
no reason why this could not also be accomplished in real time while over a
tracking station, if the capability to monitor real-time counts from the detectors
is provided.

As shown in Figure IV-16, the mechanisms are attached directly to
the telescope tubes and are contained in thermally insulated housings. Generally,
the requirements for the mechanisms are as follows:

e A rigid base must be provided for the experiments.

e The mechanisms must be capable of finite positioning of the
experiments.

e They must be designed for a two year life with high reliability.
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e They must have good position repeatability,

e The mechanisms should have a means of recalibration of
the transport (carrier) position.

e The rigidity and accuracy must not degrade as a result of
wear of the mechanism. '

e The mechanism must be compatible with space (vacuum)
environment.

Specifically, the requirements for the mechanisms are as follows:

o LA Telescope

— The mechanism must position the solid-state detector or
the imaging proportional counter at the focal plane of the
telescope within a tolerance of +0.020 inch in three axes.

~ The temperature of the mechanism should not vary by
:more than +20° F from the calibration temperature.

o HR Telescope

— The mechanism must position the X-ray spectrometer
or the image detector at the focal plane of the telescope
‘within a tolerance of +0.005 inch transversely and 0,002
inch axially.

— The temperature of the mechanism should not vary by
~more than +10°F from the calibration temperature.

e LE Telescope

— No specific investigation was made during the study,
but it is anticipated that a modified version of the ones
for the other telescopes can be used.

2. General Description. One method by which these requirements
can be met is the use of a preloaded assembly driven by a ball-screw drive.
This is a common application on certain tape-controlled machine tools and
earth-based telescope antennas where rigidity and zero play/zero backlash are
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required. Basically, the mechanisms consist of a movable instrument carrier
on which the experiments are mounted. The carrier moves on two ball splines
and is driven by a recirculating )Dall-screw drive. In this design, only rolling
friction occurs (no sliding surfaces), which makes the assembly particularly
suited to dry film lubrication and resistant to cold welding, galling; and other
problems associated with sliding surfaces exposed to high vacuums.

Backlash and play within the system are eliminated by preloading
the splines and ball screw. The spline shafts and ball-screw shaft are first
pretensioned using preload nuts. This eliminates any play between the housing -
and the shafts and within the roller bearings. As shown in Figure [V-16, View
A-A, the spline-ball housings and the ball-screw-nut housing are readily pre-
loaded by the use of compressible members to eliminate vertical and lateral
play. Finally, the ball-screw nuts are preloaded axially with respect to each
other to eliminate longitudinal play. As a result, as long as the wear induced
in the system is within the preload range, no play or backlash will occur.

A secondary advantage of this concept is the low drive forces
which result. The overall mechanical efficiencies of the ball screw and bhall
spline are exceptionally high, ranging from 90 to 98 percent. This range
results from the amount of preload, the surface finish, the fit of the ball screws
and ball splines, and the roller bearings used on the ball-screw shaft.

The ball-screw shaft is driven by a stepper-type motor, such as
"a Slo-Syn, through a high reduction, zero backlash gear reducer and coupling.
A gear reducer which is suited to this application is a Harmonic Drive, which
intrinsically has little or no backlash and is capable of high reductions in a
small, lightweight unit.

3. Specific Transport Mechanisms. Figure IV-17 shows a concept
for the transport mechanism for the LA telescope. This mechanism is required
to transport the solid-state detector and the imaging proportional counter.

_The position of the experiments in the focal plane of the LA tele-
scope is much less critical than that of the HR telescope because of the coarser
spatial resolution of the instruments. The finest wire spacing of the imaging
proportional counter is 1 millimeter, corresponding to an angular resolution
of less than 0.5 arc minute. The depth of the active volume of the counter is
about 1 centimeter. Thus, a positioning accuracy of +0.5 millimeter (+0.020
inch) is compatible with the inherent spatial resolution of the imaging detector
along all three axes. Since the aperture of the solid-state detector is 1 centi-
meter, the above positional accuracy is also adequate for this experiment.
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Figure IV-17. LA telescope transport mechanism isometric.

It is anticipated that the longitudinal and vertical positions of these
instruments can be readily held through the static rigidity of the system and the
lateral movement can easily position the experiments within £0. 002 inch if nec-
essary. (For instance, most numerically-controlled milling machines employ-
ing this principle hold position tolerances within £0. 001 inch using standard
components. )

The latter tolerance does not include temperature effects; how-
ever, it is anticipated that the mechanism will be housed in an insulated enclo-
sure in which the temperature differential can vary from 10°F to 20° F without
causing the position to vary by more than the +0.020 inch requirement. "
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) The concept approach, to attach both experiments to a common
base, offers a weight savings over separate driving units along with simplified
control logic, i.e., one experiment cannot interfere or get out of position with
respect to the other., Thus, only the position of the instrument carrier must be
controlled.

Figure IV-17 shows only one drive motor and gear reducer. Iif
duality of the drive is required, this can easily be accomplished by using a
detented magnetic clutch where the coupling is now located and duplicating this
drive on the other end of the ball-screw shaft. The secondary drive would be
disengaged from the screw by the detented-open clutch and would be utilized
only in the event of failure of the primary drive system.

A weight estimate of the transfer system for the LA telescope,
excluding the insulated enclosure, the control logic, and the experiments them-
selves, is approximately 90 pounds. This estimate is conservative, and detail
design would possibly show a weight reduction in this area,

Figure 1V-18 shows a concept of a transport mechanism for the
HR telescope. This mechanism is required to position the X-ray spectrometer
and the image detector. Although the position tolerance for the X-ray spectrom-
eter is on the order of 0.020 inch, the image detector requires precision posi-
tioning on the order of +0. 005 inch transversely and +0.002 inch axially. These
are the most demanding tolerances among the experiment motion requirements,

It is anticipated that the transverse position can be held through
the static rigidity of the system; however, the axial tolerance of +0.002 inch
applies to a 240 inch distance from the telescope lens to its focal point, Because -
of the temperature variance, structural loading, and differential loads result-
ing in calibration at 1 g to operation at 0 g, this tolerance will be exceptionally
hard to hold structurally.

D. Pointing Error Analysis

1. Introduction. The experiment payload of the HEAO-C spacecraft
is expected to include three X-ray grazing incidence telescopes and several
corollary viewing experiments that do not utilize the telescope optics. Maximum
data return can be achieved if all of the experiment viewing axes are nearly
enough parallel so that all telescopes and the corollary experiments may view
the same X-ray source simultaneously. To achieve simultaneous viewing, the

IV-50
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Figure IV-18., HR telescope transport mechanism.

optical axes of three telescopes and the corollary experiments must be
aligned to a common pointing axis (coaligned). The proper positioning of this
pointing axis by the spacecraft attitude control system will then permit simul-
taneous viewing of the X-ray source.

Coalignment of the experiments was considered to be one of the
strongest design drivers during the study and, consequently, the Observatory
design has some margin in this area. However, the effect of misalignments
greater than those allowed would not be a catastrophic failure but, rather, a
degradation in performance in the area of either decreased sensitivity of individ-
ual experiments, decreased ability to make simultaneous temporal measure-
ments of a source using several experiments, or increased time required to
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make measurements. In general, a choice could be made as to which of the
foregoing types of degraded performance would be most acceptable by selecting
the pointing axis to be at the centroid of the experiment optical axes, selecting
it to be coaxial with one of the experiments, or shifting the detector(s) with the
focal plane transport mechanisms. Further discussion of these choices is pro-
vided in later paragraphs.

2. Requirements. The coalignment requirement is that all optical axes
be aligned within 1. 0 arc minute of each other. The 2-axis pointing requirement
of the pointing (reference) axis is 1.0 arc minute, These conditions are illus-
trated for three telescope axes in Figure IV-19 where the angle between each
pair of telescope axes is 1 arc minute; the pointing axis in this illustration is
the centroid of the triangle formed by joining the telescope axes. If there is a
shift of telescope axes during launch, or in orbit, it might be desirable to move
the location of the pointing axis. This could be accomplished in orbit by soft-
ware changes in the onboard attitude control processor.

For the axes locations shown in Figure 1V-19, the probability that
a source that is within 1 arc minute of the pointing axis is also within 1 arc
minute of each of the three telescope axes is the ratio of the area common to all
three telescopes to the area within 1 arc minute of the pointing axis. This prob-
ability is approximately 0,23, The probability that a source that is within 1 arc
minute of the pointing axis is also within 1 arc minute of at least two telescope
axes is approximately 0.39. The probability that a similarly located source is
within 1 arc minute of at least one telescope axis is 1.0. This indicates that,
if the pointing axis is held within 1 arc minute of the source (the mission point-
ing requirement), one telescope will always be within 1 arc minute of the source,
two telescopes will be within 1 arc minute of the source about 30 percent of the
time, and all three telescopes will be within 1 arc minute of the source about
23 percent of the time. Since the fields of view of all experiments are greater
than 1 arc minute, the source will always be visible to all three instruments.
The maximum off-axis angle for the configuration shown in Figure IV-19 is
about 1.6 arc minutes. If the pointing accuracy of the spacecraft is better than
1 arc minute, the probabilities that two or all three telescope axes will be within
" 1 arc minute of the source will be increased.

If one of the telescope viewing axes is designated the pointing axis,
. the probability that the source will be nearer that axis will be increased. This
may be desirable when the smallest field of view of the HR telescope imaging
experiment (7 arc minutes) is used. This effect is illustrated in Figure 1V-20,
where the source will always be within 1.0 arc minute of the HR axis, but may
be up to 2.0 arc minutes away from the LA or LE telescope axes. Similarly,
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it may be desirable to designate the LA telescope axis the pointing axis when
the solid state detector experiment is in operation. It should be possible to
move the location of the pointing axis at almost any time during the mission
and as often as desired, by software biasing.

3. Error Sources

a. The basic contributors to pointing error are alignment errors,
structural shifts, and systems operational errors. .The effects of all individual
experiment misalignments can ultimately be expressed in terms of one or more
of the following terms:

(1) Tilt angle (a) of the experiment undeflected (0, 0) axis with
respect to the undeflected reference axis (Fig. IV-21).

(2) Deflection angle () of the detector with respect to the lens
(Fig. 1v-22).

(3) Elongation or shortening (x) of the detector distance from
the focal point (Fig. IV-23). '

T e e e e e — e — 1
= |
|
LENS TELESCOPE - UNDEFLECTED
- EXPERIMENT AXIS
a
- — — UNDEFLECTED
REFERENCE AXIS
|
|
|
DEFLECTED SPACECRAFT STRUCTURE |
___________________ T
UNDEFLECTED SPACECRAFT STRUGTURE ~ — — —~ =
Figure IV-21. Example of tilt angle.
— UNDEFLECTED TELESCOPE STRUCTURE __
LENS TELESCOPE I

Tt————me T %, 7

DEFLECTED TELESCOPE STRUCTURE

Figure IV-22. Example of deflection angle.
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NORMAL TELESCOPE STRUCTURE
: ELONGATED TELESCOPE STRUCTURE
TELESCOPE -] x | :

LENS i
L |

FIGURE 23 EXAMPLE OF ELONGATION OF DETECTOR DISTANCE FROM FOCAL POINT

Figure 1V-23. Example of elongation of detector distance
from focal point.

b. The individual experiment tilt angles (@) combine to produce
experiment coalignment errors. These are discussed in more detail in a
later paragraph. The deflection angles (9) also cause coalignment errors and
both the tilt angles and deflection angles can cause degradation in resolution.
The elongations or shortenings (x) of focal distance cause degradation in focus-
ing (blurring). Some of the contributors to these errors are listed below
(see also Table IV-11).

(1) Manufacturing, assembly, and alignment transverse and
longitudinal errors.

(2) Transverse and longitudinal structural shifts due to trans-
portation, handling, launch, one-g unloading, etc.

(3). Thermally induced transverse deflections due to AT acr'0s8|
outer structure and across experiments.

(4) Uncompensated thermal expansion or contraction of focal
distance due to AT along tube, along and across mirrors, and along transport
mechanism.

(5) Transport mechanism operational tolerances.

(6) Systems operational errors (thresholds, noise, drift, etc.).

(7) Ground processing tolerances.

(8) Tolerances in knowledge of guide star and target locations.
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c. The errors previously listed contribute as follows:

1) a= Z errors external to experiment of the types just listed
in (1), (2), and (3).

2) 6 = Ztransverse errors internal to experiment of the types
just listed in (1), (2), (3), and (5).

3) x= Z longitudinal errors internal to experiment of the types
(1), (2), (4), and (5) just-listed.

(4) Items (7) and (8) were not assessed during the study.
Table IV-12 shows a typical pointing error budget for transverse errors. The
largest components of the budget are those for manufacturing and assembly tol-
erances, structural shifts, and systems operational errors. More detailed
analyses were made of structural shifts since they are such large contributors
to the error budget and since they contribute heavily to coalighment errors.
Part of the analyses appear in paragraphs below, and part is in Appendix C.
The critical systems operational errors are those associated with the attitude
sensing equipment. The pointing accuracy performance of the Observatory is
heavily dependent on an accurate, noise-free error signal; hence, methods of
improving the error signal were examined in the study. A more detailed dis-
cussion of the error signal is provided in Chapter VII and Appendix E. It is
very significant that the thermal distortion components of the error budget are
so small, since this is always an area of great concern in Observatory design.
It was desired to design the Observatory to be as insensitive as possible to
thermal gradients, variations, and thermal control system degradation or fail-
ure, Consequently, the AT across both the outer structure and experiments
is very low, variations are small, and the transport mechanisms can compen-
sate for any deflections which do occur.

In the budget shown in Table IV-11, the magnitude of initial
misalignments is estimated to be 10 arc seconds based upon very early ATM
alignment experience. The magnitude of the launch shift is estimated to be of
the same order as the initial misalignment, or 10 arc seconds.

The table also indicates the estimated error-correction capa--
bility for single-experiment operation and multiple-experiment operation. For
single-experiment operation, all tilt angle errors can be corrected by changing
the pointing axis by software bias, and some telescope deflection angle errors
can be corrected by using the transport mechanism to shift the detector trans-
versely. The latter approach can correct all errors which are in the same
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direction as the mechanism traverse, if they are not larger than the traverse
capability. Shifting the detector transversely can cause a decrease in resolu-
tion of the telescope, as explained in succeeding paragraphs. For multiple-
experiment operation, the tilt angle error can be corrected completely for one
experiment, or partially for all of them, by changing the pointing axis; the
deflection angle errors for telescopes can be partially corrected as described
above.

After orbit attainment, the direction of all viewing axes rela-
tive to the reference axis can be determined by pointing the axes at known
strong signal sources (easily identifiable guide stars or strong X-ray sources).
This orbit alignment procedure is expected to include ground processing of
aspect sensor data and will provide accurate measurements of the actual instru-
ment orientations relative to the reference axis.

4, Misalignments Within Telescopes. Misalignments within a telescope
may be divided into three classifications: between mirrors of a nested set,
between surfaces of a mirror pair, and between a mirror set and the detector.
The HR telescope mirrors are a nested set of five dual surface mirrors. Mis-
alignment between mirrors of a nested set and/or between surfaces of a mirror
pair produce fuzziness of the image, since rays striking different mirrors are
focused at different points. This effect is different from the others considered
in this analysis in that these misalignment errors do not decrease the accuracy
with which the telescope axis can be aligned with a source or the accuracy with
which the source image can be positioned within the experiment detector.

The line of sight (LOS) of the HR telescope is the extension of the
straight line from the detector center to the center of the circle formed by the
intersection of the two surfaces of a mirror pair. The LOS of the other tele-
scopes are similarly defined. If this L.OS coincides with the mirror (geomet-
rical) axis, the detector is perfectly aligned with respect to the mirrors. The
highest mirror resolution is obtained when a source that is on the mirror axis
is viewed. As the source location moves away from the mirror axis, resolu-
tion is lost. Data from Reference IV-3 indicate that the resolution of the HR
mirrors is greater than 1 arc second for all source locations within about 4
arc minutes of the mirror axis. The resolution of some experiment detectors,
however, is also a function of the image distance from the detector face center.
This is true for the solid state detector in the LA telescope. Figure IV-24
illustrates the case of the detector being perfectly aligned with the mirror
axis and the source lying on the telescope line of sight. Under these conditions,
maximum telescope resolution is obtained.
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The case where the source is not located on the telescope line of
sight, but within the field of view (FOV) of both the mirrors and detector is
shown in Figure IV-25. There is some loss of mirror resolution and also a
loss of detector resolution for those experiments for which detector resolution
is a function of image position.

The case where the mirror axis has shifted through the angle ¢
but the detector has not shifted and the source lies on the telescope LOS is
shown in Figure IV-26. There is a loss of mirror resolution because the
source is not on the mirror axis; there is no loss of detector resolution because
the image is at the detector center. If the source lies on the shifted mirror
axis rather than on the LOS and the shifted mirror axis still intersects the
detector face, there is no loss of mirror resolution. Also, if the detector
resolution is not a function of image position on the detector, there is no loss
of detector resolution. Therefore, it is possible under these special circum-
stances that there is no loss of image resolution even through the mirror axis
is not coincident with the telescope line of sight.

Figure IV-27 illustrates the case where the detector position has
shifted by the distance 6 but the mirror axis has not shifted, Again, the source
lies on the telescope LOS, and again there is a loss of mirror resolution but
no loss of detector resolution. From Figures IV-26 and IV-27, it can be seen
that movement of the detector moves the telescope LOS but that movement of
the mirrors does not. Movement of the telescope LOS tends to increase the
misalignment between telescopes. The general case in which shifts of both
mirror axis and detector have occurred and the source does not lie on the tele-
scope LOS is illustrated in Figure IV-28, For the source to be detected, it
must lie within the fields of view of both the mirrors and the detector. It is
indicated in Figure IV-28 that the detector shift and the mirror axis shift are
in opposite directions; therefore, they are additive. This will not necessarily
be true, however, for one movement may tend to counteract the other. For
this reason RSS errors rather than simple sums are calculated in Table IV-11.

E. Observatory Operating Modes *

A list of the normal and abnormal operating mode functions and the
criteria for entering and leaving each is provided as Table IV-12. It is assumed
that mission-critical hardware will have sensing circuitry which activates
standby redundant units automatically; such sensing and activation will probably

3. These modes do not correspond directly with those defined for the ASCS. The
ASCS has five distinct operational modes: (1) sun acquisition, (2) reference
alignment, (3) orbit adjust, (4) celestial pointing, and (5) special pointing
(see Chapter VII).
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be provided locally in the subsystem and will not require a decision from an
onboard computer or the ground. The automatic operation indicated in Table
IV-12 generally implies a more complicated function than the sensing and switch-
ing of a redundant device and/or generally requires more time to perform the
function than would be allowable in mission-critical hardware. Consequently,
such functions may require onboard computer tie-in.

1. Normal Operating Modé. Pointing of the experiment telescopes at a
source permits the experiment detectors to gather data on that source. The
detectors will be switched in and out of the telescope focal planes, and other
experiment components, such as filter wheels and transmission gratings, will
be sequenced according to a predetermined pattern to provide complete experi-
ment coverage. Experiment and spacecraft data are recorded on a tape recorder.
When the tape on one recorder is completely filled, the data output is switched to
a different recorder. At the next opportunity to transmit to a ground station,
playback of the filled recorder is begun. Playback is suspended when ground
contact is lost and is resumed when the next station is acquired.

Spacecraft attitude control ié maintained by the control moment gyros
(CMGs) responding to attitude sensor error signals. Periodic dumping of the
momentum accumulated in the CMGs is required. This is accomplished by firing
the RCS thrusters to produce a momenfum vector opposite to that of the stored
momentum vector. The CMGs respond to this disturbance, resulting in a
decrease of stored momentum. The dumping operation is expected to occur on
the order of every one or two orbits and be triggered by an onboard logic process.
Source viewing will be interrupted for a minute or tWo as a consequence of the
dumping operation.

The spacecraft will pass through the South Atlantic Anomaly region .
of high radiation during many of its orbits. The experiments will become satu-
rated in this region and will be turned off to conserve proportional counter
quenching gas. This procedure should be automated onboard the spacecraft and
could be triggered for each experiment separately or simultaneously for all by
detecting when the radiation count rate exceeds a predetermined level.

After completing the sequence of experiment observations on one
source, the spacecraft will be slewed to view a different source. It is anticipated
that this procedure can be automated onboard the spacecraft using a stored series
of commands. It may be desirable in the early days of the mission to verify
source acquisition through a ground loop before beginning observations. How-

ever, an onboard operation will save much time and is, therefore, very desir-
able.

The portion of the celestial sphere that is within 15 degrees from the
plane normal to the earth-sunline will always be accessible to the viewing instru-
ments. In addition, the area that is within 30 degrees from the plane normal to
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.the earth-sunline will be accessible for up to one orbit per day. Slewing to .
sources in this area is expected to be executed like any other pointing oper-
ation, i.e., by stored command. However, it may be desirable to provide
some additional checks, such as verification of proper battery depth of dis-
charge, before initiating this maneuver.

Spacecraft attitude sensing will normally be accomplished using
two star trackers, one on the spacecraft X-axis (telescope viewing axis) and

one on the spacecraft Y-axis. There may be source locations where two guide
stars cannot be found in one or in either of the tracker fields of view. In this

event, it will be possible to utilize the nearest guide stars to zero the reference
gyros and then to slew to the desired source and hold on the source using only
reference gyro rate data. This method of pointing will not provide the precision
of guide star pointing, and pointing accuracy will degrade with time due to gyro
drift. However, viewing could be interrupted periodically to return to the

guide stars for rezeroing of the reference gyros.

Experiment detectors will be calibrated periodically using ‘onboard
radioactive sources that will be switched in and out of position. The frequency
of this procedure has not been established, but once a week might be typical.

In addition, periodic alignment and calibration checks are expected to be made
'using visible celestial X-ray sources. The frequency of this operation is expec—
ted to be much less than calibration using the onboard sources.

2. Emergency Operation Mode. The spacecraft emergency operating
mode is entered when there is some mishap that might endanger further opera-
tions. Entrance into this mode is a response to attempt to minimize the effects
of the mishap. An example of such a mishap is an excessive electrical power
drain caused by a short circuit. The electrical system detects and minimizes
the effects of such events by the utilization of such devices as resettable circuit |

l

breakers. ;

When an excessive power drain is detected onboard the spacecraft,
it is anticipated that the spacecraft will enter into the emergency operating
mode. If the solar panels are not receiving maximum solar illumination, the
spacecraft attitude should be changed to achieve this. Experiments and non-
essential functions should be suspended and available power conserved until
the cause of the trouble can be determined, isolated, and redundant units
switched in if possible. It is anticipated that the spacecraft attitude change
and the turning off of nonessential functions would be commanded by onboard
logic. Fault determination, isolation, and restitution of services could then
be done through the ground control loop.
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In a similar fashion, the spacecraft could enter the emergency
mode in the event of a low state of battery charge. Normal operation would
be suspended until the batteries were completely recharged.

Sticking of a thruster engine in the firing position could have very
serious consequences on the spacecraft. During the time required for ground
station recognition of the malfunction and transmission of a correction com-
mand, the operation of the spacecraft could be impaired. For this reason
there should be an onboard logic process to detect this failure and hardware
should be available to provide emergency thruster shutdown. Then, fault
determination, isolation, and rectification procedures could be worked out on
the ground, while the spacecraft was in no imminent danger.

Temperature control of the telescope mirrors is critical to their
operation. Excessive heating could occur if the spacecraft attitude permitted
direct-incident sunlight on or very near the mirror surfaces. Such an attitude
could occur, for example, while a flare observation was being made. Provi-
sion should be made for onboard detection of and response to this condition.
The response would be the standard spacecraft reorientation to full solar panel
illumination. The added electrical power would not be needed in this instance,
but this orientation would insure no direct-incident sunlight on the mirrors.

3. Degraded Operating Mode. A degraded mode of spacecraft opera-
tion results when a component failure occurs. This res\‘ults in a loss of some
spacecraft function, which may or may not be restored. If there is a redun-
dant unit, spacecraft operation is returned to normal after the redundant unit
comes on the line, There may be instances in which full operation cannot be
restored, for example, failure of all tape recorders. In this case the only
data recovered will be that transmitted in real time and received at a tracking
station. The mission can be continued with partial data recovery. Additional
ground stations may be utilized to increase spacecraft telemetry coverage
with a resultant increase in data recovery.

» Loss of command memory would require execution of all commands
inreal time. This would cause much waste of time, but the mission could be
continued with lowered efficiency and less data recovery. Again, additional
ground stdtions might be utilized for commanding the spacecraft.

The loss of an experiment component, such as the filter wheel,
would eliminate the taking of certain data, but would not cause loss of the entire
experiment. Similarly, loss of an entire experiment would not prevent opera-
tion of the remaining ones. In these cases the sequencing of experiments
would be modified to make maximum use of the remaining operational units.
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CHAPTER V. STRUCTURAL ANALYSIS

A. Introduction

The structural data, comments, and conclusions given in this chapter
are applicable to the baseline design as defined in the various chapters of
this report in which major subsystems are discussed and defined. In many
instances, this work was done before the subsystems that affect the structure
were defined; therefore, data used in the structural analysis are not based on
the final data that appear in the other chapters.

For the Phase A definition, it is important to establish a logical and
workable baseline definition of the structure; but it is also important to define
the capability limits of the structure and the effects that changes to the basic
requirements have on it. With this in mind, it can be seen that in most cases
finite input data and requirements are not of the utmost importance, but
rather, the trends that they set in the structure are the important factors.
Furthermore, it makes little sense to compute quantities such as design mar-
gins, because they, if meaningful, require finite definition of the structure.

As in most preliminary analyses, the results can be considered linear
within limits. For instance, the structural weight may be changed by a per-
centage comparable to the percentage weight change of the supported compo-
nents without changes to the basic geometry of the structural components.

It is believed that the data in this chapter will provide an adequate
structural definition of the baseline design, as well as an understanding of the
effects that various design requirements have on the structure.

B. Structural Requirements

The spacecraft structure must mechanically support the scientific
experiments, must fulfill the requirements listed in Table V-1, and must
withstand the vibration, acoustic, and shock environments that are discussed
in Appendix B.

The Titan User's Guide requests, as a design goal, that lateral natural
frequencies from 1 to 6 Hz for a payload and adapter which weigh under 1000
pounds be avoided so that payload dynamic loads and launch vehicle control
problems can be minimized; however, the Martin Marietta Corporation verbally



TABLE V-1, GENERAL REQUIREMENTS FOR THE STRUCTURAL
CONFIGURATION

® Provide a lifetime of two years

e Be capable of being launched with a Titan IIID/OAS kick stage
launch vehicle

e Be capable of withstanding the launch loading environment of
6. 0 g longitudinal and 1.5 g lateral acceleration, simultaneously,

and an ultimate load factor of 1.5

e Maintain a maximum spacecraft dynamic envelope of less than
108. 7 in. in diameter

e Maintain parallelism among the telescopes and associated equip-
ment within 1. 0 arc min

e Provide isolation of the experiments from the launch-induced
vibration

e Provide sufficient structure to limit spacecraft deflections to
the following:

High Resolution (HR) Telescope Large Area (LA) Telescope

Deflection Caused by Thermal Gradients
+0. 002 in. Longitudinal +0. 02 in. Longitudinal
+0. 02 in. Lateral +0, 02 in. Lateral

Total Deflection Caused by Loads and Thermal Gradients

%0, 004 in. Longitudinal +0, 04 in. Longitudinal

+0, 04 in. Lateral +0. 04 in. Lateral

V-2




states that other payloads, in the same weight class as HEAO-C, which have
natural frequencies as low as 2 Hz have been designed for Titan IID launches.
Martin also states that the present Titan IIID program is designed for payloads
having a natural frequency range of 1 to 4 Hz; therefore, 4 Hz has been estab-
lished as the minimum acceptable lateral natural frequency for the design.

The spacecraft structure must remain within the dynamic envelope of
the modified LMSCP-123 shroud. Reliable data on the shroud were not avail-
able during much of the study, so the dynamic envelope was established at
108, 7 inches in diameter. Additional information on the dynamic envelope
is included in Appendix B.

Prelaunch loads and environment are not considered in the study .
because it is assumed that handling and transportation techniques will be
established to prevent the prelaunch loads from exceeding the launch loads.

C. Method of Analysis

The octagonal spacecraft shown in Figure V-1 was simulated as a
space truss for simplicity in the analysis and all of the structural elements
were assumed to be load-carrying members according to their respective
stiffness. The digital computer program "Structural Engineering Systems
Solves (STRESS) ' was used in computing component loads.

An initial estimate of the total system weight and its distribution over
the assumed structural geometry is required to generate load input to the
analysis. Table V-2 shows the detailed breakdown of the spacecraft system
initial weight estimate and the location of each major component. The station
reference system, shown in Figure V-2, was used to specify center of gravity
(CG) locations of the components.

The initially estimated structural weight given in Table V-2 was
assumed to be uniformly distributed over the total spacecraft length (360 in. ).
The spacecraft systems weight given in Table V-2 was assumed to be uni-
formly distributed between Station 100, 0 and Station 369. 0. These distri-
buted weights, together with the concentrated weights shown in Table V-2,

-were used as inputs to the STRESS program. Results of this program were
used in conjunction with another computer program, ''Stiffened Panels"
(STPAN), to determine the panel sizes, skin thickness, and member cross
sections shown in Figure V-1.
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ﬂg

STATION 460.0
DIRECTION OF
FLIGHT AT
LAUNCH
STATION 100.0
A v
R=51.25 in.

» w (AWAY FROM SUN)

Figure V-2, HEAO-C structural coordinate system.

The results obtained from the STPAN program were based on the
criterion that the skin should not be allowed to buckle under the limit load
conditions, i.e., 1.5 g lateral and 6. 0 g longitudinal accelerations. Some of
the results were modified to bring dimensions into more realistic ranges.
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The internal frame arrangement shown on the second page of
Figure V-1 was simulated as a space frame using the STRESS program. The
axial and lateral loads from the tubular telescope structures were distributed
over the area of the two vibration pads. The results of the STRESS runs were
used to size the individual frame members.

Spacecraft axial load, bending moment, and shear distributions were
computed using the weight data and CG locations shown in Table V-2,

D. Results of Analysis

1. Load Distributions. Figures V-3, V-4, and V-5 give the axial
load, shear, and bending moment distributions obtained using the initially
estimated weight distribution shown in Table V-2. The limit loads are com-
puted based on the 1.5 g lateral and 6. 0 g longitudinal accelerations. At the
spacecraft/adapter interface, the following loads were obtained:

Bending Moment = 4,75 x 10% in. -1b

Shear = 21.09 x 103 Ib

Axial Load = 86.07 x 10°1b
These values were used for the design of the adapter.

2. Shear and Bending Stiffness Diagrams. The shear and bending
stiffness distributions of the spacecraft are shown in Figures V-6 and V-7,

These values of the stiffness were obtained using the following properties of
6061-T6 aluminum alloy:

Modulus of Elasticity (E) = 10.0 x 108 Ib/in. 2
Modulus of Rigidity (G) = 3.75 x 10 lb/in. ?

The shear correction factor (k) is 0. 5 for skin-stringer construction as
given in Reference V-1. The data given are adequate to determine the
dynamic characteristics of the spacecraft during launch.

3. Component Weight Summary. Table V-3 gives the computed
weights of the various structural components. These structural weights are
the results of various analyses performed during the course of this study.

V-10
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Figure V-6. Shear stiffness as a function of spacecraft station — all axes.
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Figure V-7. Bending stiffness as a function of spacecraft station — all axes.
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TABLE V-3. COMPONENT WEIGHT BREAKDOWN

Item Weight (1b)
Structure ' 3328
Outer Shell 1370
Frames (7) 197
Stringers 143
Longerons (8) 292
Skin 560
Intercostals (5) 15
Clips (estimated) 20
Adapter Angle (8) 15
Aft End Closure 128
Internal Support ' _ 1758
Telescope Support Frame 309
Shock Mount 179
Load Distribution Beam 80
Ball and Socket (2) 35
Oval Ring Frame 252
HR Telescope Tube 167
LA Telescope Tube 293
Bars and Delta Frames, Bearings,
Mounts, and Associated Structure 443
(estimated)
Mounting Brackets 200

4, Estimate of Static Deflections. Spacecraft bending stiffness and
shear stiffness diagrams, Figures V-6 and V-7, were constructed using the
member sizes and skin thicknesses determined. Conjugate beam theory was
then used to obtain the quasi-static bending deflection of the spacecraft under
the limit load conditions. Because-the length-to-depth ratio of the spacecraft
" is relatively small and large shear deformation is anticipated, it was assumed
that the bending deflection obtained would represent 67 percent of the total
deflection, with deflection due to shear deformation being the remaining
33 percent.

V-15



The bending deflection determined at the top end of the spacecraft is
0. 489 inch under the maximum load.conditions. With the shear deformation
included, the total quasi-static deflection is 0. 734 inch.

The quasi-static deflection of the titanium oval frame was computed

to be 0. 048 inch in the longitudinal direction between the unsupported ends to
the center of the frame.

E. Spacecraft/OAS Adapter

The i:runcated conical shell used in the design for the adapter shown
in Figure V-8 was sized by equations (1) and (3), as follow:

A

P M
B +M i, (1)

cr cr
where P is the applied compressive load, lb; M is the applied bending
moment, in.-lb; ‘Pcr is the critical compressive load for cone not subjected
to bending moment, lb; and Mcr is the critical bending moment for cone not

subjected vto compressive load, in. -1b;

2rEt? cos? @

1
[3(1 - 13172

P ™ M

; (2)

and

2

rEt’r? cos? a

M _ =7 7
[3(1 - u?)]’?

cr

; (3)

where vy,, Y2 are the correction factors based on experiments to account for
the initial imperfection of shells; E is the modulus of elasticity of material,
1b/in. 2; ry 'is;,the radius of the small end of the cone frustum, in.; t is shell
thickness, in.; @ is the semivertexjangle; and # is Poisson's ratio of ‘
material.

" Reference V-2 recommends a value of 0. 33 for vy, and 0. 40 for vy, in
spacecraft designs.
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The applied axial load and bending moment, which are used ih the
interaction equation [equation (1)], are given in Section C of this chapter.
A weight breakdown for the spacecraft/OAS adapter is given in Table V-4.

TABLE V-4, SPACECRAFT/OAS ADAPTER
WEIGHT BREAKDOWN

Weight
Item (1b)
Top Ring 50
Bottom Ring 58
Skin, Splices, and Fasteners 104
Total Weight of Adapter 212

F. Free Vibration of Spacecraft Structure

The natural frequencies and their associated mode shapes of the space-
craft structure were computed with the aid of a computer program which
employs the fourth-order Runge-Kutta method to numerically integrate the
governing differential equation of the free vibration of a beam and includes
the effect of the shear deformation, The rotational inertia was neglected in
the analysis. Because of the relatively small aspect ratio, i.e., the length-
divided by the depth of the beam, the shear deformation will have a greater
impact on the frequencies and mode shapes of the beam than the rotational
inertia.

The shear and bending stiffness, and the mass distributions, as shown
in Figures V-6 and V-7 and Table V-2, respectively, were used as inputs to
the computation. The spacecraft was assumed to be a cantilevered beam
360. 0 inches long and fixed at Station 100. 0.

The output of the computation consists of the three lowest natural fre-
quencies and their associated mode shapes. The mode shapes are shown in
Figure V-9, and the natural frequencies are given in Table V-5. For a
periodic excitation with a 1.5 g peak acceleration amplitude and an assumed
transmissibility of 1.50, the free end displacement responses for the three

V-18
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TABLE V-5. NATURAL FREQUENCIES AND FREE END
DYNAMIC DISPLACEMENTS

b“Frequency f Displacement A
| Mode (cps) (n.) O
1 6. 230 568320 x 107
2 50. 506 8.654 x 10-%
3 112. 355 1.747 x 10-3
Total 0. 58

lowest modes are shown in Table V-5. The relationship used to obtain the
response A in inches is
out
Gin Qe

out _ 0,102 fn2 (4)

where Gin is the input acceleration amplitude, g; Q is transmissibility;

¢ is mode shape at point of interest; and fn is the nth mode natural frequency,
cps.

The assumed dynamic envelope of the proposed modified LMSC-P123
payload shroud is 108. 7 inches, which includes a 0. 45 inch manufacturing
tolerance. The baseline spacecraft, with 1. 5 inches of insulation, is 105.0
inches in diameter.

Assuming a 0. 35 inch spacecraft manufacturing tolerance, the maxi-
mum allowable spacecraft tip deflection would be 1. 5 inches, which is much
greater than the estimated spacecraft deflection of 0. 58 inch.

G. Dynamic Analysis of Shock Mounts

Schematic representations of two concepts that could shpport the tele-
scope assemblies are shown in Figure V-10. Concept (a) of the figure does
not have a ball joint, while concept (b), the baseline design, employs the
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TELESCOPE ASSEMBLY

[ =——rusBer PrDS
xsmcscmr STRUCTURE

(a) Alternate design with rubber pads but no ball joint.

BALL JOINT

(b) Baseline design with rubber pads and ball joint.
Figure V-10. Schematic representation of telescope assembly
and spacecraft structure connections.
joint. Both configurations have two rubber pads represented by springs that
are 42 inches apart and that have a complex modulus of elasticity.
The telescope assembly without the ball joint has three degress of free-

dom corresponding to three modes of vibration of the assembled telescope -
mass, two rotational modes about axes in the plane normal to the spacecraft
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longitudinal axis, and one translational mode along the longitudinal axis. Only
the longitudinal mode of vibration exists for the configuration with the ball
joint since the rotational motions of the mass do not deflect the springs. The
longitudinal mode is the one considered in this analysis and the results are
applicable to both support schemes.

The rubber shock mounts proposed in this study have an approximate
spring rate of 256 Ib/in. %/in. Data obtained for two types of rubber (neoprene
and natural rubber) show that the damping factor ranges from 0. 1 to 0. 3,
depending on the frequency and temperature. These data are shown in
Figures V-11 and V-12. The damping factor is defined as the ratio of the
imaginary part to the real part of the complex modulus of elasticity. The
shear modulus is one-third of the Young's modulus of elasticity because the
Poisson's ratio for rubber type materials is 0. 5.

The frequency dependency of the modulus of elasticity is considered
to be small, as shown in Figures V-11 and V-12, and, therefore, is neglected.
The transmissibility (T) and the phase angle (6) for the system are found as
follows:

T = (5)
wz 2 /
1 - 2 2
( w? " GG ,0
n
) wi/w ?
6 = tan~1 Gw2,92 1 (6)
1 -2 ) + ot
w ) Gw, 0
n
where w Gew. 6 is the damping factor; w is the excitation frequency; and W

is the natural frequency. Results of computation for four values of § Gw. 0

(= 0.0, 0.1, 0.2, 0.3) and a range of frequency ratios from 0. 1 to 800 are
presented in Table V-6. As an illustration, a portion of the data are shown
in Figure V-13, which shows that high frequency excitations can be damped
out effectively with rubber mounts.
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Figure V-11. Frequency dependence of (a) the dynamic shear modulus
and (b) the damping factor possessed by unfilled neoprene
rubber at 25°C (Ref. V-3, Figure 1.5).
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Figure V-12, Frequency dependence of (a) the dynamic shear modulus
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and (b) the damping factor possessed by unfilled
natural rubber (Ref. V-3, Figure 1. 6).
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Qel . 3.0 | loe1256136E 00 F 041406030E=01
Osl 440 0e6699769E=01 [=0e7110795E=02
041 640 0e2871381E=01 |=0,2938752E=02
0el 840 041595216E=01 |«0,1612492E=02
_Dal 1040 041015138E=01 |=0,1020302E=02
0ol 204C 0¢2518766E=02 |~042512547E=03
0Ol 3060 041117894E=02 [=0,1113584E=Q3
Oel 4040 20-62851016-03. =0e6257819E=04]-
0. 6040 0e2792408E=03 |=04277932 15_»%
Oel 8040 041570538E=03'[=041562988E=0%
Qel 10040 | -l002005088E=03 |=041000200E=
0ol 20040 0e2512531E=04 |=0e2500125E=05

TABLE V-6. RESPONSE CHARACTERISTICS FOR VARIOUS DAMPING
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TABLE V-6.

(Continued)

5 Tangent of
Gw,8 Transmissibility Phase Angle
Oel 0s1116665E=04 | =0el11l1135E~0K
Oel 0¢6281212E=05 | =0+46250079E~0¢
Qel. . | 0e2791639E=05 | =0e2777793E=06
Oel 0 0e¢1570295E=05 | =De1562505E=06
D92 . 0l Cal009706E 01 | =0s1960592E=02,
0e2 02 0e1039967E 01 | =048319469E=02
Qo2 Oe3 041094540E 01 [ =0e2073493E=01,
0e2 Oets 0s41181037E O1 [ =0s4291846E-01
De2. Oeb 0¢1520910E CO1 | =0+1601422E 0O,
02 048 0e2476302E 01 | ' =07547167E 20
062 140 0e5099020E 01 | =0e500QU00E 01,
0e2. 2.0 0e3391817E 00 | ~0e8849558E=01
02 340 0el274356E OC | =0e2810743E=01
0e2 4e0 Ce6798088E=01 | =0s142156%E=01
Ce2 640 042913678E=01 | =0+5877359E=02,
0«2 840 0e1618728E=01 | =043224961E=02
0u2 1040 0¢1030102E=01 | =0e2040599E=02!
O0e2. 2040 0e2555899E=02 | =0e5025092E=-03,
02 30,0 0e11342376E=02 | =Ca2227168E=03
Oe2. 4040 0e6377761E-03 | =0e1251563E=03.
02 60 C 042833576E=03 | =0e5558643E=04
062 80,0 0e1553692E=03 | =043125976E~04.
0e2 10040 0e1019905E~03 | =0+20004C0E=04
Qo2 _ 2000 002549573E=04 | ~0.5000250£=05
Q42 30C 40 Uell133127E=C4 | =Ve2222271E=05
Qe2. 40040 0e6373815E=05 | =0¢1250015E=-05;
02 60060 | 0e2832796E=C5 | =045555587E=06
02 80040 061593446E=05 | =0e3125010E~06.
Qe3 Oel Cel009255E 01 | =0e2803476E=02
Oe3. T2 091038027 01 | =0el186239E=01,
0e3 Oe3 CGel0896C3E 01 | =0¢2540855E=01
Ce3 Oes 0e1170485E 01 | =046033183E£=-01
0e3 Deb 0e1477073E Ol | =0e2161728€ 00
. 003 CeB. 0e2227907E. 01 | =08743168E Q0
03 _ 140 Ce3480103E CL | =043333334E 01
Qe3. . 220 | 0e3462831F Q0 | =0.+1320132E. 0Q
» Qa3 340 0el304121E 00 | =0e4212625E=-01
093, 440 0069558812E=01 | =0e2132480E=01
0e3 660 0e2982835E=01 | =048815679E=02
0.3, 840 0s1657172E=01 | =C24837380E=-02
03 1040 0e1054571E=01"] =03060883E=02
.0s3_ 2040 002616617E=02 | =0+7537637E=03
0«3 3060 Cell61324E=02,| =0¢3340753E~03




TABLE V-6. (Concluded)

Transmissibility

Tangent of
Phase Angle

a b
6Gwﬁ wﬂ%
0.3 Lo.0
0.3 60,0
0.3 80.0
0.3 100.0
0.3 200.0
0.3 300,0
0.3 400.0
0.3 600,0
0.3 800.0

0.6529272E-03
0.2900891£-03
0.1631552E-03
0.1044135E-03
0.26101L42E-0L
0.1160047E-0L
0.6525232E-05
0.2900093E-05
0.1631300E-05

-0.1877345E-03
-0.8337965E-0k
-0.468896LE-0L
-0.3000599E-0L
-0,7500374E=-05
-0.3333407E=05
-0.1875023E-05
-0.8333379E-06
-0.4687514E-06

a. Damping factor.

b. Ratio of excifation frequency to natural frequency.
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Considering a design with two 18. 0 by 18. 0 inch pads, the total spring
stiffness is 165 888 1b/in. Therefore, the natural frequency is

i
165 888 72

n | (8000 32.2 x 12)

w = 87. 393 radians/sec

or 13.91 cps. At resonance, w = w = 13. 91 cps, and 6 6 =0.12

Gw
[Fig. V-11(b)]. The transmissibility is about 8. 6 (Fig. V-13), which means
that the response acceleration is about 51. 6 g for a 6 g longitudinal excitation.

H. Thermal Bending Analysis

1. Geometry. The thermal bending of the HEAO-C spacecraft, due
to the temperature variation in the circumferential direction, was predicted
initially by simple beam theory. A more accurate thermal deflection cal-
culation was believed mandatory because of the stringent requirements in the
pointing accuracy of the telescopes; furthermore, complete definition of the
thermal distortion would be necessary if the telescopes were hard mounted to
the support frame.

The aspect ratio (the length divided by the average transverse dimen-
sion of the spacecraft) is relatively small; therefore, the cylindrical space-
craft structure cannot logically be represented as a beam. The octagonal
shell is treated as a circular cylindrical shell for simplicity in the analysis
which is consistent with the way the temperature distribution was generated.

The geometrical notations of the shell are shown in Figure V-14, with
s = 0 being the location of the ball joint, s = L; the bottom end, and s = L,
the pin connections of the telescope detector boxes to the spacecraft shell
structure. Dimensions of the spacecraft are 360 inches long and 102. 0 inches
in diameter.

2. Theory. Let u, v, and w be the deflection component in s, 6,
and z directions, respectively. The direction of z is toward the spacecraft
longitudinal axis and perpendicular to the surface, as shown in Figure V-14.:
The standard equations governing the deflections of the circular cylindrical
shell are given by Timoshenko [V-4] or or Wang [V-3]. Since t/r (the
thickness over radius of the shell) is small, terms associated with t?/r? are
neglected. The governing differential equations given in either Reference V-3
or V-4 can be written as follows:
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oT
8%  1-v oW 1+ v 3% vow m _
oeft T3 807t 2 sgee - or " TrUTV =0
(7)
oT
1+ v 9% 1 -v 3% oW ow m _
5 broa T 2 bif Tael og Tl FTMigy =0,
(8)
ou  0ov _
Va€+ae-w_ra(1+V)Tm—0,., (9)

~ where ¢ is the normalized variable defined as s/r; v is Poisson's ratio of
the material; « is the thermal expansion coefficient of the material; Tm is

the mean skin temperature rise from the room temperature at which the shell
is undeformed; and r is the radius of the shell. From equation (9), the
normal deflection w can be represented in terms of u and v:

~

_, ou v
w =V 8§+89_ra(1+v)Tm . (10)
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Substitution of w into equations (7) and (8) yields

9% 1 9% i 0% 8Tm_

982 T 2(1 + v)oe T 2(1 + ) o£00 TC ag O ()
5% Bzv_

2t06 g 0 o

Partial differentiation with respect to ¢ in equation (11) and with respect to
6 in equation (12) and subtraction gives

2
8% 8Tm_ .
@-ra a—r—O (13)

Since the mean temperature rise Tm is uniform in the s-direction, the

second term in equation (13) is zero. Therefore, the solution of equation (13)
can be written as follows: :

= Cig* + Cy + Cy (14)

where Cy, C,, and Cj; can be functions of § only. From equations (12) and
(10),.the deflection components v and w can be written in terms of C;, C,,
and Cj, their first and second derivatives, and an additional function of 6,
C4 :

_ ftdcy 5. 1dC . doy,
V'<3d95+zd95+dec ’ (15)

1 d¥cy 1 d% 2 , d’c dc,
w = v(2Cs¢ + Cy) '<§ w2ttt T aetta

-ra(l + v)Tm . (16)

3. Temperature Distribution. The in-orbital skin temperature dis-
tribution over three assumed equivalent thicknesses was computed for an
early spacecraft configuration that had internal insulation. These values are
shown in Figure V-15. The general distribution is the important factor since
the magnitude of the temperature can and will be adjusted to any particular
value. The skin temperature (T ) can be conveniently represented in the
following form:

"I‘m = 60 + 140 cos 6 (in °F) . (17)
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The mean skin temperature rise is then

~

T =T -T . (18)
m m room

or

T
m

Ty + Tycos 6 , (19)

where Ty = -8°F, T; = 140°F, with the room temperature being 68° F.
Equation (19) represents a temperature rise of 132°F on the sun side and a
temperature drop of 148°F on the side opposite the sun, or a total difference
of 280°F.

4. Boundary Conditions. The longitudinal displacements on the sun
side and the side opposite the sun should be equal and opposite in direction
at the stations where the ball joint and the lateral linkages are located. These
two conditions can be written in the following mathematical forms:

0,0=0)=-u(t=0, 6=1) , (20)

u(g

u(¢ = Ly/r, 6 = 0) = -u(g = Ly/r, 6 = 7m) . (21)
The stiff internal frames to which the ball joint is mounted will pre-

vent relative movement between the ball joint and the spacecraft shell.

Therefore, the normal displacement of the shell, w, whould be zero, i.e.,

w(t =0,6)=0

The linkages connecting the aft end of the LA telescope and the space-
craft structure are pivoted to prevent bending in the telescope tubes. A ring
frame in the shell at this location will prevent circumferential deflection of
the shell. Therefore, the v deflection component should be zero, i.e.,

v(g = Ly/r, 0) =0 . (23)

At the free end of the spacecraft structure, ¢ = Ly/r, the total bend-
ing moment and transverse shear should vanish; i.e.,

2
T

[ N (rcos6)(rde) =0 ' (24)
0 S
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Q(¢=Lyr, 0) =0 , (25)

where Ns is the in-plane force in the direction of the s-axis and QS is the
transverse shear on the plane normal to the s-axis. Ns and Qs can be repre-

sented in terms of the deflection components u, v, and w as follows [ V-3
or V-4]:

_ _Et (18u vfov
NS»~I—_V2[I' 8€+r(96—w> - a(1+V)Tm:| ’ (26)
,V _ Et® 11 8w 1 8%w 1 /1+v)\ 0%
st12<1—v2>{r33e3+r_38&89”r3< 2 )8599}' =

Substitution of equations (26) and (27) into equations (24) and (25) and sub-
stitution of equations (14), (15), and (16) into equations (20) through (25)
yields a set of six coupled, ordinary differential equations of Cy, C,;, Cg,
and C4, with 6 as the single variable.

5. Solutions. Solutions of Cy, C,, C3, and C, of the following
forms satisfy the differential equations:

[- o] .
C, = ) C, cosnd (28)
' n=0
[- o}
Cz= Z 02ncos ng- , (29)
n=
0
C, = Z C,, cosnd (30)
n=0
o0
C4= nZ=:O C4n sin nf . (31)

Substitution of equations (28) through (31) into the six ordinary differential
equations corresponding to equations (20) through (25) yields the following
set of seven algebraic equations:
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a31 + an = -(-(_331 + 630) )
VEzo -ra(l +y)Typ=0 |,

V621 - 641 - rOl(i + V)T1 =0 N

i3
R
al
+
Ql
s
1
Q
o]
e
o
o

L,\3 — 1 (L, \2 = L,\= =
("f) Cy + §<_rz> Cat +(‘r'2)031 -Cy =0

These seven equations involve only those coefficients, in equations (28)

(32)
(33)

(34)

(35)

(36)

(37)

(38)

through (31), forn = 0 and 1. The coefficients for n > 1 are zero, since
the temperature terms of the differential equations involve only terms of

n = 0and 1,

Equations (32) through (38) are used to solve for the unknown coef-

ficients as follows:

- r T~

Cﬁ. = é-i—; (Oerl - 021) ’

641 = V621 - r(1 + V)aTl ’

_ 1 ~

Cyy = 31 (LZ - 4ar)arT, + (LE+ 4ar®)Cyl ,

LJ - 3Lo(L{Z - 4r®) + 6r’L,(1 + v)
L23 - 3L1L22 + 61‘2 VL1 + 3L2(L12 + 41'2)

Coy =

raT

(39)

(40)

(41)

(42)

(43)

(44)

(45)
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Once these coefficients are computed, C4, C;, C3, and C, are known and, thus,
the deflections, u, v, and w at every point of the shell can be computed. A com-
puter program was written to compute these deflections.

6. Results of Analysis. The deflections u, v, and w are computed for
various longitudinal stations at 6= 0, 45, 90, 135, and 180 degrees. The mate-
rial considered is 6061 aluminum alloy with the thermal expansion coefficient of
14.1 % 10°® in. /in. °F. The longitudinal extension (u) and the lateral deflection
(w) for the elemental surface that faces the sun and that is directly away from the
sun (8 = 0 and 8 = 180 degrees, respectively) are plotted in Figure V-16. The
telescope support frame rotation about the ball joint is found to be 1.295 X 10-3
radians (4.452 arc minutes). There is also a rotation in the opposite direction
caused by the movement of the telescope linkage which causes the tubes to be
pulled away from sun side by an average of 0.108 inch. This corresponds to a
rotation of 1.467 arc minutes about the ball joint. Since the two rotations are in
opposite directions, their effects are additive; therefore, the total angle change
between the telescope pointing axis and the spacecraft longitudinal axis is 5.919
arc minutes,

The maximum radial deflection is found to be 0.24 inch at the forward r
free end. Between the ball joint and the lower linkages, the largest radial deflec-
tion is 0.126 inch.

This analysis was completed before the spacecraft's baseline thermal
design was established. The baseline thermal design has insulation on the out-
side which greatly reduces the temperature differentials across the spacecraft.
The deflections computed in this analysis can be ratioed with respect to the later-
calculated temperature differentials to obtain more meaningful values.

The impact of the much lower temperature differentials will be discussed
in Section L.,

I. Evaluation of Methods for Relieving Thermal Bending
of Telescope Tubes Mounted Without Ball Joint

The baseline structural design of the HEAO-C spacecraft includes two
ball and socket joints supporting the three X-ray telescopes. The ball joints
are attached to a shock mount, which in turn is supported by the telescope sup-
port frame near the viewing end of the spacecraft. The other attachment between
the telescopes and the spacecraft structure is the frame linkage located near the
opposite end of the spacecraft. This arrangement will allow the spacecraft
structure to deflect without bending the telescope tubes.

V-36



NOILD31430
HONt GO P0£02010 O

J¥NLONYLS

SIHONI 05 0P O£ 02 Ol O

3OS

LE-A

-Surpuaq [BUI3Y]} 178x0328dg ‘9T-A aand1gy

nNOS

| 3wvyd 1n0a103



RN FAGE-BLANK, NOT- EHLMER,

The major feature of all alternatives to the baseline mounting concept
is the elimination of the ball joints between the oval frame and the telescope
support frame. Since this is such an elementary consideration, it shall be
considered as a basic analysis and will be discussed in this portion of the
report.

Without ball and socket joints, thermal bending of the spacecraft would
induce bending in the telescope tubes through the frame linkage connections
between the spacecraft structure and the detector support structure. The
bending of the telescope tubes would produce a relative lateral deflection
between the mirrors and the detectors.

1. Relative Bending Stiffnesses. The bending stiffness of the space-
craft structure is 325 x 10° lb-in. %, as shown in Figure V-7. The structural
concept of the telescope tubes is a monocoque cylinder made of graphite/epoxy
composite, and the bending stiffness of the tubes (EI) is approximated by

El = E - #R% , (46)

where E is the modulus of elasticity, 1b/in. % R is the radius of the tube
cylinder, in.; and t is the thickness of the tube cylinder, in.

The radius of the cylinder was assumed to be 21. 0 inches, and for a
0. 032 inch thick graphite/epoxy cylinder, EI = 16,758 X 10% 1b-in. 2. A direct
comparison of bending stiffnesses of the graphite/epoxy cylinder to the space-
craft structure stiffness reveals that the spacecraft bending stiffness is about
. 20 times that of the telescope tubes; therefore, thermal bending of the space-
craft structure would not be reduced by the combined effects of the telescope

tubes.

In the baseline configuration with the ball joints, the total angle change
at the joint between the telescope support frame and the telescope axis induced
by the thermal bending of the spacecraft is computed to be 5. 919 arc minutes,
or 1.722 x 1072 radian, as given in a previous section. If the telescope tubes
are mounted rigidly to the frame, without the ball joint, as they are in the
alternate designs, they will deform this total angle since they are not stiff
enough to react the spacecraft structure deformation.

Considering a telescope tube length of 250 inches, the relative lateral
deflection is 0. 431 inch,which is based on a temperature differential of 280° F.
This deflection is an order of magnitude larger the maximum allowable deflec-
tion of 0. 02 inch. At this point, a preliminary conclusion can be drawn that a
hard mount concept is not feasible without an effective thermal control system
to lower the temperature differential to a value much lower than 280°F,
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2. Maximum Allowable Differential Temperature. Computation of the
structural temperature distribution for the thermal control approach of insulat-
ing the outside of the spacecraft is tedious and the results were not available
for inclusion in this report. However, by esiimating the maximum allowable
differential temperature across the spacecraft and judging the feasibility of
designing a system to control the temperature difference, a conclusion can be
drawn on the concept feasibility.

The relative lateral deflection of the telescope tube of 0.431 inch was
computed for a spacecraft differential temperature of 280°F and this deflection
does not represent an angular rotation of the shock mount (i.e., the analysis
considers the shock mount rigid). The approximate thermally induced deflec-
tion per degree Fahrenheit therefore is 1.529 X 1073 inch. The maximum allow-
able deflection is 0.02 inch; therefore, the maximum allowable differential tem-
perature is 13.5°F,

3. Estimate of the Natural Frequency of the Telescope Tube Mounted
Without Ball Joint. The frame links at the lower end of the telescope tubes are
designed to maintain lateral stability during the launch phase; but, if the tele-
scopes were mounted without the ball joint, the links can be disconnected by
mechanical or explosive means after the spacecraft is injected into orbit.

Then, the thermal bending of the spacecraft structure would not introduce bend-
ing in the telescope tubes.

When the links are disconnected, the telescope tube behaves like a
cantilever beam with a large mass at the free end. The mass is approximately
600 1b for the high resolution telescope. The equivalent spring constant, K,
is

K = (3 EI)/(L3) , (47)

where EI is the bending stiffness of a tube and is computed to be 16. 758 X 109
lb-in. ? for graphite/epoxy construction, and L, the length of the tube, is
about 250 inches. The fundamental natural frequency of the cantilever is then
estimated to be

) Yy
_ 1 [3EI
fn T oox <m L3> ’ (48)
or
o\ /2
1 X . X
f = — 3 x 15.129 x 10 = 6,88 cps . (48a)
n A 600 % 250
32.2 x 12
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_ The control frequency for spacecraft slewing or pointing is much less
than this value; therefore, there should be no resonance.

4. Effect of Shock Mount Deformation. When the spacecraft is not
ingulated from the outside environment, the telescope bending would produce
a relative deflection of 0. 431 inch, if the tubes are hard-mounted at the top,
with linkage at the bottom. The transverse force exerted on two tubes is
approximately

F=O.431><§£Egl><2 , (49)
or
F = 2500 pounds. (49a)

The stiffness of the rubber proposed for use in the shock mounts is
about 256 1b/in. 2/in. For an 18 inch square pad, the equivalent spring constant
is 83 000 lb/in. The rubber pads are located about 42 inches apart. The equiv-
alent rotational spring constant is then Kpa ds = 73,206 x 10% in. -1b/radian.

The equivalent rotational spring constant of two tubes is 2 x (3 EI/L), or,
Ktubes = 363.0 x 10% in. -1b/radian. The rotations taken by the rubber mounts

and the tubes are distributed according to their angular flexibilities, which are
defined as the reciprocals of their angular stiffnesses. Therefore, the angle
change (bending) of the tubes for a temperature difference of 280° F is

1
K
_ tubes .
Otube = Ctotal ¥ 1 1 ’ (50)
+
Ktubes Kpatds
or
K
pads
=0
etube total K + K ’ (50a)
pads tubes
where etube is the angle change of the tubes; etotal is the total spacecraft
angle change due to thermal bending, which is 1.722 x 10~3 radian; K

tubes
is the angular spring constant of tubes; and K is the equivalent angular

spring constant of pads; bads
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or

73. 206 x 10%
= -3 -
Oube = 11722 X 1070 X e X 10° + 363.0 X 10°
= 0.289 103 radian . (50b)
The lateral tube deflection A is then
tube
Atube B 6tube % Ltube ? (51)
where L is the tube length, i.e., 250 inches, or
tube
A = 0.289 x 10-3 x 250 = 72,25 x 1073 j ,
tube 0. 28 25 72. 25 0~? inch (52)

which is still several times the maximum allowable deflection, 0.02 inch. If
the thermal insulation around the spacecraft can reduce the maximum differ-
ential temperature to within 77° F, the lateral tube deflection can be reduced
to 0. 02 inch. , the maximum tolerance. Tube deflection could also be reduced
by increasing the tube thicknesses.

J. Solar Cell Substrate Analysis

A structural analysis of the HEAO-C solar panel substrate was made
to insure that the panel has adequate stiffness.

The solar cell panels are subjected to the random and sinusoidal
excitation during launch, as shown in Table V-7, as well as the primary
launch loads shown in Table V-1. It is important to know the response of the
panel to these loads since large panel deflections can damage the solar cells.

. The structure analyzed was a 38. 2 inch wide, 120 inch long rectangu-
lar honeycomb panel, 0. 700 inch thick, with 0. 010 inch thick 7075-T6 alumi-
num alloy facing sheets, and 2.3 1b/ft? 5052 aluminum alloy core with 0.25
inch cell size,

Four hinges are equally spaced along the length of the panel, as shown
schematically in Figure V-17. The forward hinge takes load in all directions
while the remaining hinges take normal and transverse load only. Five
snubbers are equally spaced along the other longitudinal edge. The snubbers
are designed to take loads in a direction normal to the panel, only; they also
incorporate the array release mechanism.
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TABLE V-7. HEAO-C SOLAR PANEL VIBRATION ENVIRONMENT

Randon Vibration (all axes)

20 to 150 Hz
105 to 300 Hz
300 to 1000 Hz
1000 Hz

1000 to 2000 Hz

10. 3 g overall

+3 dB/oct increase
0. 15 g¥/Hz

-3 dB/oct decrease
0. 045 g%/Hz

-9 dB/oct decrease

Sinusoidal Vibration (all axes)

1.0to 3.2 Hz
3.2to 10 Hz
10 to 18 Hz
18 to 50 Hz

- 3.0 in, DA

i.5g
0.3 in. DA
3.0g

A load of 67.0 x 10~% psi of panel surface was applied to the panel.
This load represents the total weight of the solar cells, cover slides,
micaplies, adhesives, and paints that make up the solar cell module
assemblies.

With this load input and an acceleration of 6.0 g longitudinal and
1. 5 g lateral, the static analysis yields the limit load reactions at the various
hinge and snubber points, as shown in Table V-8,

The deflection associated with this loading condition is maximum at a
point that is 6. 4 inches off the longitudinal centerline of the panel toward the
hinges and is midway between the end and adjacent hinge. The displacement
of this point is 0. 013 inch and the stress in the facing sheets is about 1000 psi.

The natural frequencies and mode shapes were calculated for the panel
to determine the effectiveness of the support/hinge point locations and to
better predict the frequencies where significant displacement can occur when
the panel is excited with external forces.
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Figure V-17. Schematic of panel support points.

The first three natural frequencies of the panel are as follows:

Mode 1 38 Hz
Mode 2 40 Hz
Mode 3 45 Hz

Scale plots of the normal mode shapes corresponding to the natural
frequencies are shown in Figures V-18, V-19, and V-20. These displace-
ments are normalized to the maximum displacement of the system.
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TABLE V-8. PANEL SUPPORT POINT REACTIONS

Component

Support Direction Load

Point (u, v, W) (1b)
A -u 84. 60
+v 226, 07
+w 7.10
B +u 56,76
+w 2,05
C +u 24, 62
+w 7.05
D +u 3.22
+w 7.10
E +w 3. 00
F +w 7.83
G +w 6. 59
H +w 7. 83
1 +w 3.00

K. Meteoroid Protection Analysis

The HEAO-C spacecraft will be exposed to near-earth meteoroid
environment during its orbital lifetime and must be protected from damage
so that mission reliability will be maintained at a high level. The spacecraft
meteoroid protection requirement was determined by a method that relates
the ballistic limit of the protection material to the exposed spacecraft sur-
face area, exposure time, and desired probability of no penetration. A dual-
wall meteoroid shield consisting of a relatively thin outer skin and a heavier
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Figure V-20. Modal deformation, natural frequency — 45 Hz.
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backup sheet is the most weight-effective type of system and is employed in the
analysis. The function of the outer skin is to break the incoming meteoroid
into small particles and the second or backup sheet provides the resistance to
penetration by the debris.

The structural skin of the spacecraft, which is 0. 050 inch thick, serves
as the outer meteoroid protection sheet and the backup sheet will be provided
by the covers for particular instruments and components, experiment structure,
or separate shield when required.

Figure V-21 gives the backup sheet thickness requirements for 0. 98
and 0. 99 probability of no penetration as a function of the distance from the
spacecraft skin. This requirement is based on a lifetime of two years in a
270 n. mi. orbit. The external thermal insulation on the spacecraft was not con-
sidered in the analysis, but would certainly provide additional protection. The
cutoff of the curves represents the height of the internal stiffeners on the space-
craft skin and is, therefore, the closest the backup sheet can be placed to the
outer skin.

The thickness requirement should be considered conservative since it
is based on the total spacecraft surface area and not on the area of a particular
component to be protected. It is believed, however, that most of the internal
structure (covers, etc.) will be about 0. 050 inch thick, or will be further from
the spacecraft skin than 3 inches; therefore, the components will have an ade-
quate probability of no penetration for the mission.
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L. Conclusions and Recommendations

The structural configuration discussed herein satisfies all the structural
requirements and is an efficient, lightweight design. From the analysis, it can
be concluded that a ball joint configuration is necessary if the expected tempera-
ture across the spacecraft were in the order of 280° F; however, it is also shown
that the ball joint could be eliminated if the temperature differential could be held
to 77°F and, if the shock mount is considered rigid in rotation, the allowable
temperature differential would be 13.5°F,

As stated in Section H, the 280° F temperature differential is based on a
spacecraft with internal insulation. The maximum calculated temperature dif-
ferential for the baseline design, which has the insulation on the outside, is
2.5°F and a detailed discussion of this differential is given in Chapter VI.

It can be concluded, therefore, that the ball joint could be eliminated
without detrimentally affecting the performance of the spacecraft.

For the HEAO-C Phase B study activities the following general tasks
are recommended:

1. Reconfigure the baseline spacecraft without a ball joint and expand
the thermal/structural analysis of the configuration.

2. Expand the dynamic analysis to determine the more detailed require-
ments of the shock mounts and other affected structure.

3. Optimize the structure for the more detailed requirements and per-
form stress and strain analysis for the detail parts and subassemblies.,

4, Determine the detail physical characteristics of the materials
proposed to be used.
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CHAPTER Vi. THERMAL CONTROL SYSTEM

A. Introduction

The HEAO-C thermal control system must provide a limited, predictable
and stable thermal environment for the spacecraft structure, experiments and
subsystems. While in orbit the HEAO-C will receive energy from three sources:
the sun, earth, and its own internal energy dissipators. The function of the ther-
mal control system is to exploit and manage this energy to the satisfaction of the
imposed requirements. '

Except for thermostatically controlled redundant heaters on the X-ray
telescope mirror assemblies, the HEAO-C thermal control system is essentially
passive. Judicious use is made of thermal control coatings, multilayer super-
insulation, and thermally attractive materials. There is a considerable amount

of flexibility and potential for growth.

B. Requirements

The requirements imposed on the thermal control system by the X-ray
experiments are as follows:

e Limit the thermally induced displacement of the detectors
at the high resolution (HR) telescope focal plane to + 0. 002
inch axially and + 0. 02 inch transversely;‘

e Limit the thermally induced displacement of the detectors
at the large area (LA) telescope focal plane to + 0. 02 inch
axially and transversely;?

i. The maximum allowable axial and transverse deflections are + 0. 004 inch
and + 0. 04 inch, respectively, for the HR telescope and + 0. 04 inch for the
LA telescope. It was assumed that half of these deflections could be allowed

for thermal deformation.

2. ibid.



e Maintain the HR and LA telescope mirror assembly
temperatures to within + 5°F transversely and « 2.5°F
axially from the nominal design operating temperature;3

e Maintain the low energy (LE) telescope temperature to
within the 50°F to 68°F temperature band;*

o Design the thermal control system for optimum
contribution to the maintenance of the telescope co-
alignment requirement of + 1. 0 arc minute.

In addition, the solar arrays must be maintained at a temperature below
212°F,

C. Thermal Control Approach

The Observatory's thermal control system consists of multilayer
superinsulation on the telescope tubes and mirror assemblies and surrounding
most of the external structure, thermostatically controlled heaters on the
mirror assemblies, a thermal control filter over the aperture end, graphite/
epoxy as the telescope tube material, a thermally independent subsystems
compartment, Alzak external skin, thermal control coatings, and a sun shade.
Analyses of alternate configurations and trade studies which support the

" baseline configuration are contained in Appendix D.

Figure VI-1 is an isometric drawing of the Observatory which shows
the baseline thermal control system features. The Observatory structure is
insulated externally by 0. 5 inch of multilayer superinsulation. This effectively
eliminates all transient orbital effects and yields a thermally stable structure
and experiment complement. The telescope mirror assemblies and tubes are
also insulated to provide additional stability. A sun shade is employed to
protect the telescopes and other experiments and sensors from the intense
solar radiation when the viewing end of the Observatory is inclined toward the
sun. The sun shade is of laminar construction with 0. 25 inch of fibrous

3. These limitations are prescribed by the Principal Investigators (Pls)
[VI-1].

4. ibid.
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insulation sandwiched between two aluminum sheets with proper surface
properties and is designed for a 30 degree tilt of the Observatory toward the
sun with a coincidental + 15 degree roll manuever. The laminar composite
material graphite/epoxy has been chosen for the two large telescope tubes.
The thermal expansion properties of graphite/epoxy make it extremely attractive
for this application. It has been shown that this material is technically and
economically feasible for use in the telescope tubes and, in fact, presents the
least complex overall Observatory design, compared with the other candidate
materials (see Appendix D, Section 1). For example, it is nonmagnetic and,
therefore, does not present the control problems associated with Invar, the
iron-nickel alloy, and its extremely low thermal expansion coefficient over-
comes the complex alignment problems associated with the use of aluminum.
Composite material technology is progressing rapidly but some development
may be necessary. Additional cost incurred is considered negligible since
the use of another material would complicate the thermal control and other
subsystems. Graphite/epoxy is currently being used in both spacecraft and
aircraft construction and is being considered for use as the substrate for the
X-ray mirrors.

Figure VI-2 illustrates the features of the thermal control filter. The
thermal analyses have shown that an absorptivity of 0. 35 and an emissivity of
0. 27 on the alterable portion of the filter covering the HR telescope aperture
(center circle) provides for the proper amount of energy dissipation from that
telescope. The portion of the filter which transmits X«rays was assumed to
possess the properties specified by the PIs [VI-1]. The remainder of the
thermal control filter possesses a high emissivity, low absorptivity surface so
that the LE telescope and auxiliary experiments and sensors are maintained at
the proper temperature.

To further assure acceptable mirror assembly temperature level and
gradient, thermostatically controlled heaters are applied to the three telescopes.
The heaters are expected to require a relatively negligible amount of average
power. Although this Phase A analysis does not encompass such detail, it is
highly advisable to adjust the thermal control filter properties in such a way that
during relatively hot orientations, the steady state average mirror assembly
temperature is approximately equal to the nominal operating temperature, with
the heater system designed to regulate mirror assembly temperature during
operation in colder orientation. This will assure that the mirrors do not
exceed their maximum allowable temperature.

The internal HR mirror assembly support was initially conceived as
including the use of support plates at the front, middle, and rear of the mirrors

VI-4
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(see Chapter II, Figure II-3). Since this concept greatly restricts the amount
of energy to be dissipated from the aperature end of the Observatory and would
tend to create larger temperature gradients, the support plates were replaced
by struts. It was assumed that the strut arrangement caused a 65 percent
blockage of the central portion of the HR mirror assembly.

Most of the Observatory external surface is covered with a thin (0. 020
inch) aluminum sheet (e.g., Alzak). This surface adds to the micrometeoroid
protection scheme, protects the fragile external insulation during transportation
and handling, and can be coated to satisfy particular thermal control require-
ments (e.g., solar arrays and subsystems).

Thermal control of the subsystems electronics is aided by the avail-
ability of volume and thermally stable external surface of the antisolar side
of the Observatory. A thermally isolated subsystems compartment is
employed to house most of the electrical power system (EPS) and the com-
munication and data handling (C&DH) system components which are mounted
to the inboard side of the compartment (Fig. VI-3). The temperature of
these components is adjusted by altering the emissivity of the external sur-
face of the compartment. This approach provides for easy maintainability
and low cost flexibility. It is thermally attractive since a relatively large
number of items, possessing similar thermal control requirements, are
controlled as a unit and the potentially complex interaction between sub-
systems electronics and experiments is avoided. The thermal stability of
the antisolar side of the Observatory is also utilized in the thermal control
of the control moment gyros (CMG) and related electronics and in the dis-
sipation of excess energy from the X-ray detectors. The CMGs and CMG
electronics are mounted directly to the spacecraft structure and are main-
tained within the allowable temperature band while allowing energy to be
transferred from the experiment detectors to the external surface of the
Observatory. The thermophysical properties of the external surface adja-
cent to the above-mentioned components can be easily altered to provide
reliable temperature control for both the components and the detectors.
With the Alzak skin as the outer surface of the subsystems compartment,
the emissisivity is 0.75 and can be reduced to the proper value by applying
low emissivity tape.

Solar array passive thermal control is accomplished by specifying the

nominal Observatory orientation as ""corner to the sun,' by selecting the solar
cell packing density on the body mounted arrays to the satisfaction of both the
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thermal and power constraints and by properly coating the back sides of the
foldout arrays and the adjacent spacecraft panels to allow for sufficient
radiation from the foldout arrays. Trade studies associated with solar array
thermal control are contained in Appendix D, Sections 3 and 4.

Although the Orbit Adjust Stage (OAS) is to remain attached to the
Observatory throughout the mission, it was assumed for this Phase A Study
that it would be thermally independent. That is, it was assumed that multilayer
insulation separated the Observatory from the OAS. Reaction control system
propellant tanks and thrusters, contained within the OAS, require thermal
control. However, since the OAS is, relatively speaking, an off-the-shelf
item, no analyses were conducted during the Phase A Study.

The thermal analysis did not include the prelaunch, launch and parking
orbit phases of the mission. Results from the Phase B Studies of Missions A
and B indicate little or no impact on the thermal control system.

D. Discussion of Requirements

1. Telescope Tubes and Observatory Structure. The temperature
limitations of the telescope tubes and Observatory structure are dictated by
the above deflection limits (Section VI-B). For example, HR telescope
mirror/detector alignment may be disturbed by mirror assembly thermal
deformation and by expansion, contraction, and/or bending of the telescope
tubes due to temperature gradients. With the mirror assembly allowable

. temperature limits specified, limits on the telescope tubes and Observatory
structure temperature must be determined.

The most severe alignment requirement is the axial displacement
limitation on the HR telescope detectors. Consequently, the maximum allow-
able deviation of the telescope tube temperature from the temperature at
which alignment takes place is calculated from the relation.

where ATm is the mean change in tube temperature from alignment temperature;

Lf is the focal length; ALf

« is the coefficient of linear thermal expansion. For the HR telescope, the

is the maximum allowable change in focal length; and
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following values are used:

L, = 240 in.,

ALf = 0,002 in. ,

in.
in. °F
(typical coefficient of linear
thermal expansion of graphite/
epoxy) .

=0 06x10"¢

This relation yields a maximum allowable deviation of the tube
temperature from the alignment temperature of 138. 9°F.

The maximum allowable transverse temperature difference of the
telescope tubes was not determined because of the analysis complexity of the
telescope tube/Observatory structure support scheme. However, since (1)
there is a relatively broad limitation on transverse displacement, (2) the’
tubes are fabricated from the graphite/epoxy composite, and (3) a transverse
temperature difference of less than 5°F can be expected (due to the insulation
of the Observatory structure), it is assured that thermal bending of the
telescope tubes is not significant. As a justification for this assumption,
consider the bending of a solid bar due to transverse temperature gradient,
calculated from the relation

_ aLAT

0 2D ’

where 6 is the maximum deflection due to bending; L is the focal length; AT
is the transverse temperature difference; D is the diameter; and ¢ is the
coefficient of linear thermal expansion.

Assuming that this relation can be used to estimate the HR telescope
focal plane transverse deflection due to bending of the tube, the proper values
are

L = 240 in,

AT =5°F,

D =40 in,, and

@ =0.06x 10"% =2

n‘’F °
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and, thereby,
6 =0,0002 in.

For this simplified approach, then, the transverse deflection at the
focal plane is 0. 0002 inch when the temperature difference across the telescope
tube is 5°F. This result justifies the assumption that thermal bending of the
telescope tubes is not significant,

Since the Observatory structure is insulated externally and the telescope
tubes are mounted by the ball joint/shock mount/link concept, a high degree of
mechanical independence exists between the telescopes and the Observatory
structure. Should the ball joint be removed, a transverse temperature difference
of approximately 77°F can be tolerated on the structure (see Chapter V, Section 1).
With the ball joint/shock mount/link concept, structural deformation has
virtually no effect on telescope alignment.

2. Subsystems and Solar Arrays. The maximum allowable solar array
temperature assumed for this Phase A Study is 212°F. This temperature
limit is based on the use of Skylab Workshop type solar cell modules. The
analyses of alternative solar array configurations (Appendix D, Section 3)
assume Apollo Telescope Mount (ATM) type modules.

: The temperature limitations of the subsystems components [EPS,
attitude sensing and control system (AS&C) and C&DH system] and their
average orbital power dissipations are listed in Table VI-1 for the components
contained by the subsystems compartment and in Table VI-2 for the other
components.

3. Mirror Assembly Temperature Requirements. An important
function to be performed by the thermal control system is the maintenance of
HR telescope alignment. Perhaps the most critical item in providing this
alignment is the thermal control of the HR mirror assembly. Although not
considered in detail in this Phase A Study, it may be possible to fabricate the
HR telescope tube in such a way that its thermal expansion will compensate
for mirror assembly thermal expansion with the net result being a zero (or
negligibly small) movement of the focal point relative to the detectors. The
use of graphite/epoxy as the tube material makes this possible although
detailed knowledge of the movement of the focal point with mirror assembly
temperature change is required. The thermal analyses documented herein
are based on the assumption that the temperature and deflection limits
specified by the PIs (Section VI-B) are representative and sufficiently

VI-10



TABLE VI-1, SUBSYSTEMS COMPARTMENT COMPONENTS
AVERAGE POWER DISSIPATIONS AND TEMPERATURE LIMITS

Batteries (6)

Regulators (4)

“Chargers (8)

Power Control Assembly (2)
Experiment Integration Assembly
Computer and Processor (3)
Transfer Assembly

Dual Transponder (2)

Phase Shift Keyed (PSK)
Demodulator (2)

Frequency Multiplexer (MUX)
Tape Recorders (4)
Tape Recorder Control (2)

Pulsed Code Modulator
(PCM) Encoder (2)

Format Generator (2)

Clock

Command (CMD) Processor (2)
CMD Memory (2)

Experiment Computer

Average
Dissipation (W)

Temperature
Limits (° F)

126.0

64.

45,

60.

12,

65.

17.

30.

3.2

2.0

14.

7.6

3.5

10.0

40 to 60
-40 to 140
-40 to 140
-40 to 140
-40 to 140

32to 140

32to 140

32to 130

32to 130
32to 130
14 to 120

32to 130

32to 130
3210 130
32to 130
32 to 130
-22to 140

32 to 140
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TABLE VI-2. AVERAGE POWER DISSIPATIONS AND TEMPERATURE
LIMITS FOR COMPONENTS NOT CONTAINED BY
SUBSYSTEMS COMPARTMENT

HR Image Intensifier

HR Crystal Spectrometer

LA Position Sensitive Detector
Solid State Detector

LE Telescope Detector
Monitor Proportional Counter
Flat Crystal Spectrometer
Flare Detectors

Sun Sensor

Asgpect Detectoral

Wide Angle Sun Sensor (WASS)
WASS Electronics

Digital Sun Sensor

Fixed Head Star Trackers (FHST)
FHST Electronics®

Gyro Package

CMGs

CMG Electronics

Reaction Control System (RCS)
Electronics

Solar Power Distribution
Remote MUX
Remote Decoder

Average
Dissipation (W)

Temperature
Limits (° F)

13.5
21.0
14.5
2.0
24
9.0
17.0
40.0

14.0

0.4

45
36
72

1.

42
1.0
i.4

14 to 86
14 to 86
14 to 86
14 to 86
50 to 68
14 to 86
14 to 86
14 to 86
-4 to0 130

-120 to 130
4 to 122
-4t0 130
-4to0 130

32to 130
-22to 140
-4to 130

-4 to 120
-40 to 140
-22to 140
-22 to 140

a. Temperature limits to be determined.
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conservative. Since, however, future technical or economic developments may
make it advisable to exploit an ability for passive focal plane adjustment by
"matching'' mirror and tube expansion properties, the following analysis is
presented where an attempt is made to determine the axial movement of the
focal point of the HR telescope due to mirror assembly temperature change.

The HR telescope mirror is a paraboloidal-hyperboloidal type device
as shown in Figure VI-4. The mirror assembly consists of five concentric
cylindrical mirrors each with different paraboloidal and hyperboloidal sur-
faces. The equations of the surfaces are determined by geometry, focal
length, and mirror diameter at the intersection of the two surfaces. This
analysis exploits the fact that the grazing angles at both surfaces must be
the same and that at such low angles X-rays reflect like visible light (angle
of incidence equals angle of reflection).

The basic approach to the problem is illustrated in Figure VI-5. Since,
for the grazing incidence optics under consideration, the angles of incidence
on the two sections must be equal and since the incidence angle equals the
reflection angle, a particular ray can be chosen such that the paraboloidal
and hyperboloidal surfaces can be replaced by frusta with half-cone angles
equal to the grazing angle and twice the grazing angle, for the "'front’ and
"rear'' frusta, respectively. The two frusta can now be replaced by one
equivalent frustum with cone angle 29. It can be shown geometrically that
the ray to be traced must be the one which is incident on a point in the middle
of the paraboloid, as illustrated in Figure VI-5.

Once the paraboloidal and hyperboloidal surfaces are replaced (for a
particular ray) by an equivalent frustum, the axial shift of the focal point due
to thermal expansion of the mirror may be determined. At this point an
assumption is made: The radial expansion of the mirror influences focal
point shift significantly more than axial expansion. This assumption is
justified by the existence of extremely small grazing angles. Therefore,
only radial expansion is considered.

With reference to Figure VI-6, the radius of the single equivalent
frustum, at the point of incidence of the particular ray, which represents both

the paraboloidal and hyperboloidal surfaces, is estimated from the relation

R'= R + 11 sin®8 ,
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where R' is the radius of the single equivalent frustum (in.); R is the radius of
paraboloidal-hyperboloidal mirror at the intersection of the two surfaces (in.);
6 is the grazing angle; and 11 inches is one-half the length of the paraboloidal
surface.

To illustrate, consider the smallest of the five concentric mirrors,
where

R = 27.41 in. and
0= 0.01428 radian = 49. 1 arc min,
The radius of the equivalent frustum mirror (R') is found to be 13. 862 inches.

This calculation is slightly inaccurate since the value R should be the
radius at the intersection of the two frusta which represent the paraboloidal and
hyperboloidal surfaces individually. Since the change in radius with temperature
is of primary interest, the calculation as shown is considered sufficiently
accurate,

The axial shift of the focal point is now determined as a function of
radial thermal expansion of the mirror (frustum), change in average mirror
temperature, mirror material, and grazing angle. The change in mirror
radius due to a change in average temperature can be shown to be

AR' = aR' AT

where AR' is the change in radius of the single equivalent frustum at the point of
incidence of the particular ray; « is the coefficient of linear thermal expansion
of the mirror material; R' is the original radius as calculated above; and AT

is the change in average mirror temperature. As illustrated in Figure VI-7,

the axial shift of the focal point can be calculated from the relation

aR!
Af =
f tan 20
or
Af _ _oR'
AT tan 20°
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where Af is the axial displacement of the focal point due to radial thermal
expansion of the mirror. For the smallest of the five concentric mirrors the
following values are given:

a=1,0x10"7 - M. for Cer-Vit ,
in. F

R'= 13. 862 in, (as shown above) ,

tan 6 ® 8 = 0, 01428 radian.

Thereby
Af _ -4 in.
AT 0. 486 x 10 T

It can be shown that this value for focal point axial displacement with
mirror average temperature is virtually constant for all five mirrors

Figure VI-8 is a plot of focal point axial displacement versus increase
in average mirror temperature. It can be seen that if the mirror assembly
changes in temperature by the maximum allowable amount, 5°F, the focal
point is displaced approximately 2.4 x 10~ % inch, well below the maximum
allowable axial displacement of 2.0 x 1073 inch. At that maximum allowable
displacement it can be seen from the figure that a change in average mirror
temperature of approximately 41°F is acceptable.

These data should not be interpreted to indicate that the temperature and
deflection limits specified by the PIs are too stringent and, consequently, that
the thermal control system described in the remainder of this chapter is too
conservative. The simplifying approximations of the above analysis, the com-
plexity of the HEAO-C X-ray optical systems, and the importance of the overall
mission objectives support conservative design philosophy. That conservatism
can be enhanced further by the fabrication of the telescope tubes in such a way
that tube thermal expansion will compensate for focal point displacement due to
mirror expansion.

Assuming the mirror assembly average temperature is 5°F above the
nominal value, the required value of the thermal expansion coefficient of the
graphite/epoxy tube can be calculated from

Af
o =—
fAT
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where Af = 2. 4 x 10~ 4, focal point axial displacement corresponding to a AT of
5°F (Figure VI-8), and f = 240 in. , focal length of HR telescope.

Therefore, to maintain a net zero focal point axial displacement, the
thermal expansion coefficient of the graphite/epoxy tube would be

a=0,2x10"¢ 1__n1_n_°__ This o value can be closely approximated in the

F L]
fabrication of the tube.

It should be pointed out, however, that unless the temperature and
deflection requirements become much more stringent, it is not necessary to
specify accurately this expansion coefficient value. Also, the detector
transport mechanisms, as described in Chapter IV, provide any necessary
active focal plane adjustment.

E. Assumptions

The following is a compilation of assumptions made in the study:
1. Environmental and Orbital Parameters

a. Solar Constant (Maximum)

Btu
¢ Whra?

b. Albedo
e 0.4 Maximum
@ 0.3 Nominal
c. Planetshine
Btu

o 83.0 E—f_t—? Maximum

Bt
e 75,0 ﬁ' Nominal

d. Orbit altitude

e 270 n.mi. (circular)
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e. Orbit Inclination
® 28.5 degrees
2. Material Properties

a. Aluminum Structure (6061-T6)

Btu
T ivity: 8=
o Thermal Conductivity: 96. 8 br It °F
tos Btu
e Specific Heat: 0. 23 b °F
1
e Density: 170.O—ftb3

b. Aluminized Mylar TC Filter

e Absorptivity: 0.4
} For X-ray transmission
e Emissivity: 0.06

e Absorptivity: 0.35
}Central portion of HR telescope
o Emissivity: 0.27 '

e Absorptivity: 0. 35
Remainder of surface
e Emissivity: 0.85

c. Multilayer Super-Insulation

Btu
hT R T (Normal to surface)

Btu
hr ft °F

e Thermal Conduction: 2.5 x 10 °
3.0 x 1072 (Parallel to surface)

Btu
b °F

e Specific Heat: 0.3

e Density: 2.5%}5
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d. Cer Vit (HR and LA mirror material)

. . Btu
e Thermal Conductivity: 1.0 hT ft °F
o . Btu
e Specific Heat: 0. 22 o °F
e. Graphite/Epoxy -
. Btu
e Thermal Conduction: 28.0 hr £t °F
o Btu
e Specific Heat: 0. 23 T °F
) 1b
e Density: 100.0 i
e Thermal Expansion Coefficient: 0.06 x 10 inm;F

f. Solar Arrays®
e Body Mounted (solar cell packing density = 0. 35)
a=40,5
€=0.84
e Fold Out (solar cell packing density = 0. 89)
a=0,78
€=20,83

e Effective thermal conductivity, density, and specific
heat were determined from Figure VI-9.

g. Beryllium (LE mirror material)

1b

e Density: 115.8 ma
.. Btu
e Thermal Conductivity: ‘87. 0 or it °F

5. Solar cell « and € values effectively vary with load.
The values quoted are conservatively high.
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e Specific Heat: 0. 23 lg—t-?‘l;
Surface Properties
a. Viewing Surfaces of Auxiliary Experiments
e a=0,5
. }Nominal values assumed
e €=0.5
b. Viewing Surface (outermost baffle) of LE Telescope
e ¢=0.35
e €=0.85
c. Intratelescope Tube Surfaces
o =04
e €=0,9
d. All Other Internal Surfaces
e @=0,35
e €=0,85
e. External Surface
o ¢ =0,15
} Alzak
e €=0.75
e a=0,35

} Multilayer insulation
o €=0.4

arrays and adjacent spacecraft

panels

e « =0.35) Antisolar side of foldout solar
e €=0,.85
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4, Power dissipation levels (orbital average) and temperature limits
for components/experiments not contained in subsystems compartment are
given in Table VI-2.

Average orbital power dissipation and temperature limits of components
located in subsystems compartment is shown in Table VI-1,

F. Analytical Methods and Results

The analytical methods used in analyzing the thermal control system of
HEAO-C are outlined as follows:

e The environmental heating rates for the Observatory and
orbit orientations of interest are determined using the
Lockheed 140 Node Heat Rate Program [VI=-2].

@ The Observatory internal gray body radiation interchange
factors are determined using the Chrysler Shape Factor
Program [VI-3].

@ With the environmental heating rates, radiation interchange
factors, and Observatory configuration as input, the
transient temperature response of the Observatory is
determined using the Chrysler Improved Numerical
Differencing Analyzer (CINDA) computer program [VI-4].

® Iterate to reflect refinements in thermal control system
or other Observatory updates.

Environmental heating effects on the external surface of the HEAO-C
were predicted for the three Observatory/orbit orientations shown in
Figure VI-10. With B8 = 52.0°¢ (Case 1), the Observatory experiences its
maximum sunlight condition ('hot'" orbit). The minimum sunlight but
maximum instantaneous heating rate is experienced when the sun line is
contained by the orbit plane (Case 2, "cold" orbit). To substantiate the
feasibility of the sun shade approach to telescope thermal control, the
Observatory environment was determined for the hot orbit with the Observatory
inclined 30 degrees toward the sun.

The transient temperature response of the entire spacecraft to the
predicted environmental heating rates was determined by means of the CINDA

6. B is the angle between the earth-sun line and the orbit plane measured in a
plane perpe